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» The following substitutions should be made for non-standard symbols used throughout this thesis:
“L” for “€” (litres),
“h” for “hrs” (hours),
“°20” for “20”

Additionally, a space should be placed in between the number and unit in all cases where no space 1s present.

» Replace “density” with “bulk density” in the following locations:
p.171, paragraph 6.5.3, 5% line
p 172, Table 6.8: caption, and column heading
p.172, 1% paragraph: 1¢ line (delete “full”), 7% line and 10% line
p176, paragraph 7.1.1, last sentence
p.177, Secidon 7.1.2 heading and 2 sentence
p-178, Table 7.1: caption and column heading
P-201, Table 7.3: column heading

P-52, last paragraph, 2% line: change reference from (Jin and Guo 2003} to (Jiang, Wang, ef 2/ 2003). Details of this
reference are given in the Errata for p.229, below.

p.55, Table 3.1 column heading: substitute “pyrophyllite” for “pyrohpyllite”

p-66, Section 3.4.5.2, 2™ paragraph , 2% line: “1200” for “120”

p-100, last paragraph, 2™ line: “events” for “peaks”

p-102, 1= point “CaSO4” for “CaSO4”

p.137, 2 paragraph, 4% line: “0.10:1” for “1.9:1”

Iﬁ 101 + Iﬁ(z‘ﬁ)
.144, Equation 6.1 should read: %0 = ¢
P Eq !ﬁ(lol) + !ﬂ(zlo} + Ia(ln:‘-) + Ia(z]a]

p.178, Table 7.1: FeSi’ for FeSi, and TiN’ for TiN
p.217, 2+ point, 2+ last line: “in” for “In”

p-229, replace the reference for Jin and Guo 2003 with: “Jiang, J., Wang, P.-L., Chen, W.-W., Zhuang, H., Cheng,
Y.-B., and Yan, D.-S. (2003), Phase Assemblages of (Ca,Mg)-0i-Sialon Ceramics Derived from an (t-Sialon
Powder Prepared by SHS, J.Eur.Cer.Soc., 23(13), pp.2343-2349. .

p-54, last parageaph: substitute “the molecular weight, including all components” for “its molecular weigh¢”

p.55, 1st paragraph: “including all components but excluding the loss on ignition” for “excluding the loss on

ignition”

p-55, last paragraph: Comment. The particle size reduction was performed at Monash, via wet ball milling for 72
hours using a polyethylene jar filled to 1/3 with sand and 1/2 with isopropanol.

p-59, last paragraph after point v.: “muffle furnace in air at 650°C for 2 hours, heated at 10°C/minute.” for “muffle
farnace in air at 650°C for 2 hours” '
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p-61, paragraph after point v.: “muffle furnace in air at 650°C for 2 hours, heated at 10°C/minute.” for “muffle
furnace in air at 650°C for 2 hours”

p.62, Section 3.3.2 & p.63, Section 3.3.3: Comment The optical pyrometer calibration was checked several times
using the melting of 99.99% pute Fe as 2 standard, and was found to be £3°C.

p-05, 15t paragraph: substtute “approximately 10 wt%"” for “a small amount”

p-65, Secton 3.4.2: replace “These scans were performed in air.” with “These scans were performed using Pt
crucibles, in flowing air.”

p.65, paragraph 3.4.3: replace “scans were run in an atmosphere of” with “scans were run using Pt crucibles, in an
atmosphere of”

p.66, Section 3.4.5.2, 2 paragraph, 20 line: replace “grinding on successively finer S1C papers down to 120 grade”
with “grinding on 180, 360, 800, and 1200 grade SiC papers”

p-67, 1% paragraph: replace “successively finer grades of SiC papers” with “180, 360, 800, and 1200 grade SiC
Papers”

p.67, 1¢ paragraph: Comment: The dimpler model was a Gatan 656.

p.67, iast paragraph: replace “using a load of 10kg.” with “using a load of 10 kg applied for 10s.”

p-08, end of 1%t paragraph: add: “This reladonship was used because it does not require a known value of elastic
modulus (E) for the determination of fracture toughness.”

p-68, below equation 3.5: replace “ ¢=3" with “¢ = constraint factor, = 3”, and
p-68, below equation 3.5: replace “k = 3.2 if ¢/a>2” with “k = correction factor = 3.2if ¢/2>2"

p-74, 1% paragraph of Section 4.2.2: Comment The bloating and splaying of the specimens is a result of the
movement of N2 gas into the pellet, and CRN product gases out of the pellet during firing,

p-82, add to end of paragraph 4.2.3.2: “An Si powder was added to several of these scans as an internal standard to
verify that the peak shifts detected were true, and not due to apparatus or sample misalignment”.

p.84, paragraph 4.2.4 replace the last line “This may be due 1o...after firing” with “This event remains unidentified”.

p.100, paragraph 4.3.1.2 before the last sentence “Note...” insert: “The temperatures given for DTA events are all
for the onset of latent heat, not for the peak maxima.”

p-121, 1% paragraph: 20d line: replace “for 72 hours.” with “for 72 hours, as described in Section 3.1.4.”

p-154, after 1st paragraph: Comment: The low heat capacity of N gas and the range of gas flowrates used were
found not to have any cooling effect on the sample inside the furnace tube.

p-176, patagraph 7.1.1: replace “1700°C for 1 hour” with “1700°C, heating at 30°C/min, for 1 hour™.

p-201, paragraph 7.3: comment: The Evans and Charles relationship was used due to it not requiting a value for the
elastic modulus of the material. No mechanical property data is available for the E'- or D'-phases, and the
inherent softness of E as seen during polishing (and which is reflected in the following results), indicates that
it would significantly lower the modulus of this multiphase material compared to that of pure a-sialon.

p-271, third bullet point, fcplace with:

® The theoretical models for erosion were inadequate to describe the erosion behaviour of these matenals, with
no correlation found between fracture toughness and AE. This is due to the very different microstructures
present in the four materials. Coincidentally however, the erosion resistance of the four materials did follow the
rank order of hardness; with PO2 displaying extremely high resistance to erosion at sliding impacts.
Intergranular cracking followed by grain ejection was the dominant material removal mechanism in the
equiaxed grained materials P02, K06, and PO8. Brittle fracture and transgranular cracking dominated matedal
removal in the coarse, plate K33 sample, and in areas of plate-like grains in P08,
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CBEDP

indicates solid-solution rather than pure stoichiometric compound
alpha silicon nitride (o-S1,N,)

alpha-sialon (a-sialon) CaoSiyp ey BlnenOaNyg

beta-silicon nitride (3-Si,IN,}

beta-sialon (B-sialon Si; , ALO,N;,)

ercsion rate {target material volume loss per unit mass of erodent)
impact angle between erodent and target surface during erosion testing
SiC polytypoid with 2-layer hexagonal stacking sequence (a-SiC)
SiC polytypoid with 3-layer cubic stacking sequence (B-SiC)

unit cell parameter

activity of carbon
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a-Sialon (@) is a nitride ceramic with many desirable engineering properties, such as high
hardness and high strength at elevated temperatures, however the relatively high cost of
fabrication has been one of the main barriers to it attaining more widespread use by industry.
This is partly due to the expensive, high-purity, synthesised reactant powders and complex
furnace equipment needed to fabricate a-sialon materials. Carbothermal reduction-nittidation
(CRN} is a process that has been successfully used to fabricate other sialon materials such as
@-sialon from less-cxpensive oxide starting matenals including clay minerals and industrial
waste products. However this process has recetved much less attention for the production of
the more complex o-sialons. Slag is a good candidate saw material for the production of
inexpensive a-sialons via CRN; it is an abundant waste product from steelmaking with a

composition amenable to ae-sialon formation.

This thesis exploted the CRN process as 2 means of producing inexpenstve o-sialons from
mixtures based on this siag waste. Various mixtures of slag, clay, carbon-black and o-Si,N,
‘seeds’ were reacted at 1450°C for 12 hours under N, flowing at 30{/hr. a-Sialon was
produced in all compositons tested, however the quantity of o' amongst the final products
varied with composition. AIN' and a grain boundary glass were secondary phases produced in
all compositions, in addition to one of «-Si,N,, gehlenite, or E’-phase, depending on slag
content. The Ca-a-sialon formed from these powders was generally equiazed, sub-micron in
size, and relatively rich in Ca. Impunities in the slag and clay formed phases such as FeSi and
TiN, with many other impurities taken up by the glass.

The CRN reaction process was investigated and found to occur in three stages: 1)
decomposition and phase transformations within the oxide reactants during heating to
13060°C; 2) melting of the oxide phases and early stage CRN between 1300 and 1400°C to
produce the first oxynitride phases; and 3) final product formation and eliminaton of
intermediate phases with extended holding time at 1450°C. A ‘ow z-value B-sialon and M'-
phase were the two main intermediate phases produced during CRN. These phases were
converted into o via a series of solution-precipitation steps. Secondary phases such as E'-
phase and gehlenite were also found to be metastable intermediate CRIN phases ak.: to form

o’ under more approprate CRN conditions.




Summary

The effects of various compositional factors and processing parameters on CRN were studied,
including slag content, clay composition, seeding, powder compaction, and nitrogen flowrate.
It was found that these parameters are inter-dependent, and that the optimum CRN
conditions are composition-specific. Generally, CRN was enhanced by higher temperatures,
low powder packing density, and a N, flowrate lower than 30£/ht. Seeding the mixrures with

a-Si;N, was not particularly effective in boosting o-sialon formation.

The a-sialon formed via CRN was found to be stable at elevated temperatures, and minor
amounts of secondaty phases were converted to a' during sintering, however pressureless
sintering was unable to produce highly densified materials. Hot-pressing was used to produce
fully dense materials which were determined to have hardness and toughness values similar to
those of high glass-content Ca-u-sialons produced from cotventional laboratory reagents. The
solid-particle erosion resistance of the CRN material was also similar, if not better, than that
of conventional a-sialons, demonstrating its potential for use as an industrial wear-resistant

lining.
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“Waste is £0od”... Whatever you can’t use in any manzfacturing or energy-creating

tndustyy bas to go back inte natural or industrial systems o _feed them; otherwise it’s proof
you're losing part of your investment and causing damage io natural systenmss.

(Suzuki and Dressel 2002)

Businesses wotldwide are under pressure to address the concept of swstainability. One method
to do this is to adopt the so-called “triple bottom line”, which is a measure of business
performance that includes measures of social equity and environmental protection in addigon
to simple economic growth (Mowat 2002). Most industrial processes have an adverse effect on
the environment: mineral and organic tesources get depleted, non-renewable energy is
consumed, and waste by-products, some toxic, are amassed and must be re-processed or
stored. Sustainability requires maximising energy efficiency, minimisig raw matetial use and
costs via recycling, and seeking alternative strategies to produce less waste in the first place.
This is not only good for the social and physical environment, but in most cases can also
significantly improve profits, thereby improving all three areas of the triple bottom line
(Roston 2002). Oxge criticism cf this focus on sustainability, however, is that it concentrates
solely on liability minimisation, ie. just making a business “less bad” (McDonough and
Braungart 2002). A more fundamental change in design philosophy is that of ‘cradle to cradle’
espoused by McDonough Braungart Design Chemistry, where, just as in nature the waste
from one process is food for another, and the product itself can be fully recycled into an
equally valuable new product at the end of its useful life (MBDC 2003). This is a worthy
ultimate goal, but as an interim measure, the immediate benefits of making a business “less

bad” by better utilisation of wastes should not be underestimated.

Slag is an industrial waste product produced in massive amounts each year from iron and steel
foundries. It is generally piled up in ‘slagheaps’ on site, and in addition to being unsightly they
require considerable financial investment in land and facilities for storage and handling.
Despite advances in storage technology, there is still the possibility that fine particles can be

dispersed by wind, or compounds will leach into the soil and groundwater, which can cause
1
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varous ill effects to the local envitonment {(Pioro and Pioro 2003). There exists the
oppertunity to convert steelmaking slag into a considerably higher value-added product — an
advanced ceramic material known as o-sialon, using the process of carbothermal reduction-
nitridation. Advanced ceramics such as a-sialon are of great interest to industry due to their
high-performance properties such as hot-strength, wear resistance, and corrosion resistance.
As with other ceramics, the brittle nature of a-sialons can be a hindrance in utilising the
material, however one of the main obstacles to broader acceptance by industry is the high cost

of fabrcaudon.

This thesis is concerned with the development of the process of carbothermal reduction-
nitridation to convert slag, an industrial waste product, into a-sialon (), an advanced ceramic
material. The potential benefits of such a process, if successfully realised are many: a) the
environment beaefits by reducing the amount of unused slag that must be safely stored; b)
energy may be saved because the curtently used raw-materials for o' producton are very
energy Intensive to produce; c) profits may be generated through value adding; and d) new
efficiencies in processes down the line may be generated where a cost-competitive sialon
replaces inexpensive but less-effective materials. Furthermore, the a-sialon produced by this

process may have novel properties that finds new martkets.

This chapter introduces some of the general issues and concepts that form the basis of the
work presented in this thesis. Firsdy, some of the factors that lead to advanced ceramics such
as a-sialons being so costly are discussed. This is followed by examples of the recycling of

industrial wastes such as slag into useful ceramic products, with a focus on the CRN process.

{.1 Advanced Ceramics and o-Sialon

Ceramics ate often differeatiated into two categoties: ‘traditional’ or ‘classical’ ceramics, and
‘advanced’ or ‘engineering’ ceramics, though the distinction between the two is often vague.
Broadly speaking, traditional ceramics are those populatly associated with the word ‘cerami<’,
based on the clays and silicates located in abundance near the surface of the earth, and which
have been in use since at least 5000 B.C. (Gomshaw 1971). Many high-volume commodity
objects such as bricks, coffee mugs, porcelain whiteware, and electrical insulators are produced
from these materials as chey are easy to obtain, easy to make into complex shapes when mixed

with watet, and easy to densify in relatively low temperature kilns.

Advanced ceramics are usually identified as highly refined, specialised materials used for more

‘high-tech’ applicadons, such as clectronic components, or high-temperature corrosion
PP P g p
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resistant linings. These materials have a more recent history, starting around 60 years ago with
the initial develop: :ent of oxide-based materials such as high-purity alumina (AlL,O,) and
ferroelectic BaTiO, materials (Rahaman 2003). Since the 1970s, new non-oxide ceramic
materials such as the carbides, nitrides, and borxides have been developed with unique
chemistries, microstructures and properties specifically tailored for use in severely demanding
engineering applications. Some examples include SiC gas bumers, TiB, crucibles, B,C body

armour, and AIN substrates for integrated circuits (Srinivasan and Rafaniello 1997).

1.1.1 Processing of Advanced Ceramics

The atomic bonding in ceramics is a combination of ionic and covalent bonding, and in non-
oxide advanced ceramics covalent bonding is often dominant. For example in S3,N, the
bonding is 70% covalent (Komeya 1994). Covalent bonding is very strong and directional in
nature, thus these materials have very limited atomic diffusion, even at high temperatures.
This imparts many beneficial properties to the material, including: high strength; retention of
strength at elevated temperatutes; and resistance to plastic deformation. Unfortunately this
makes «ensification of the ceramic precursor powdets into solid bodies very difficult due to a
iack of diffusive mass transport. To overcome their lack of diffusivity many advanced
ceramics are fired at temperatures between 1600°C and 2000°C, but high temperatures alone
are often inadequate to achieve full density, so the simultaneous addition of pressure may also
be required. It is also often necessary to replace the fumace atmosphete with inert gases to
protect the furnace materials and non-oxide ceramics from oxidation. A modern furnace 1s
thus a complicated apparatus, involving costly high-temperature materials, and complicated

cooling and mechanical systems such as hydraulic ptesses and pumps.

Engineering ceramics have specific in-service performance requirements, and are thus very
sensitive to the microstructutes formed during sintering, so good control over the chemical
composition and microstructure of the raw materals is vital to maximising material properties.
The optial characteristics for powder precursors are generally: a fine (<1 n) size, narrow
particle size dispersion, and a spherical or equiaxed particle shape to assist powder packing
and sintering (Rafaniello 1997). The powders should also be high-purity, and single phase, to
avoid the formation of secondary phases which can be detrimental to the matetial as a whole.
Such fine, high-purity powders are commonly formed via chemical methods from synthetic or
naturally occurring raw materials that have been highly refined. Nowadays a very high degree
of control over powder purity and homogeneity is achievable, with purities of 99.99% and
particle size down to the nanometre level with narrow particle size disttibution routinely

produced. Given the amount of energy, sophisticated equipment, and strict process control
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required to produce these fine powders, it is not surprising that they come at great cost; a
10,000-fold cost difference exists between refined mineral sand for glassmaking
(AUD$0.01 /kg) and silicon nitride powder derived from sand (AUD $100/kg). In the case of
commercial components made from silicon nitride such as an automotive turbo rotoz, raw
materials costs were estimaizd to account for up to half of the component’s cost (Das and
Cutlee 1992).

Metals and plastics can be easily formed into complex shapes while in the liquid or semi-solid
state, and can be easily modified after solidification. Most ceramics, however, do not meit or
may be only partially melted during sintefing, and form hard, brittle bodies after firing that
resist machining operations. This is a generally desirable trait, but becomes problematic if the
fired component does not meet specified tolerances and must be further shaped or ground.
Post-firtng machining requires expensive diamond tooling and very careful process control to
avoid the introductton of surface flaws that may be catastrophic to the component’s
toughness, and depending on size and geometry of the component this may account for 80-
90% of a component’s cost (Klocke, Schippers, ¢f a/ 2001). Therefore, the ceramic green-body (
before firing must be as densely packed, and as close to the desired final shape, as possible.

Many high-volume, inexpensive forming techniques used for tradiuonal clay products, such as
extrusion, injection moulding, slip-casting, or tape-casting, can be used for advanced ceramic
production, however, unlike traditional ceramics they generally do not form slips with water.
This means that 2 polymer binder must be added to the ceramic powder, which introduces
additional complexity to the manufacturing process and requires careful control over binder
burnout so as not to degrade the structure and properties of the final product (Rahaman
2003). The most commonly used green-body forming mechanism is uniaxial pressing, but this
allows only simple geometries to be formed; more complex shapes require the use of

expensive isostatic presses.

Cost factors alone are not the sole cause of the failure of advanced ceramics to be widely
adopted by industry; intrinsic materizl issues such as poor fracture toughness, difficulty in
joining to other components, and the low reliability of manufactured products are
fundamental issues that also need to be addressed. However the cost issue cannot be ignored,
especially when there is sometimes a 10 to 1000-fold cost differential to cutrently used
matetials (McColm 1995). One example is the cost of silicon nitride engine valves, which have
been estimated to cost AUD$48/valve (Schafer 2000). When 2 minimum of 12 valves ate
required for a typical 6-cylinder engine, this becomes a2 major expense compared to metal

valves which cost around AUD$1 each. From the customers’ point of view, performance
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improvements ate somewhat intangible, and cannot easily justify the higher overall cost. This
was concisely summarised by the response given by Dr. W, Pollman from Daimler-Chrysler to
a question about when ceramic engine and brake components, many of which have already
been developed, would actually be found in cars for sale in the showroom. His answer was

simply: “When the ceramic parts cost the same as the metal or plastic ones” (Pollmann 2000).

1.1.2 Silicon Nitride and the Siak. s

Silicon nitride (SiN,) was thought to be a potential material for the ceramic gas turbine
project that originated in 1971, due to properties such as high strength and strength retention
at elevated temperatures, good wear resistance, low coefficient of thermal expansion, and
good oxidation resistance. Unfortunately, its high covalent bonding and very low diffusivity
meant that the required mechanical propetties could not be produced without hot pressing,
which prevented the necessary complex shapes from being produced. This shaping problem
can be overcome by using up to 5% MgO or Y,0O, sintering additives in a pressureless
sintering process, but the additives result in a residual glassy phase, which is detrimental to the
mechanical properties of the material (Hampshire 1994).

The first sialons were identified independently by both Jack and Oyama in the eatly 1970s
after mixtures of Si;N, and ALO, were fired at high temperatures and a Si-Al-O-N solid
solution was formed. This was found to be isostructural with the B-form of SiN, and
designated (', ot B-sialon. Another mixwre involving LiS{,N; and ALO, gave a Li~(58i-Al-O-
N) material isostructural with «-StN,, designated o', or c-sialon. The a-sialon structure
contains two interstices, which are able to accommodate the extra metal cations within the o
lattice. This provides a mechanism to minimise the amount of deirimental grain boundary
glass in these matenals, as the metal-oxide sintering additives are required for o formation

and are incorporated into the o' crystal structure. a-Sialons are now commonly formed using

Ca, Mg, Y, and rare-earth cations.

The processing of a-sialons is typical of advanced ceramics, requiring costly, high-purity,
synthesised powder precursors, and sophisticated high-temperature processing techniques.
The powders used for reaction-sinteting are fine, pure Si,N,, AIN, SiO,, ALO, powders, and
expensive metal oxides such as Y,0,. The materals are fired at 1600-1800°C in a N,
atmosphere to simultaneously achieve chemical reaction between the powders and
densification to form a solid a-sialon body. Often pressure densification techniques such as
hot-pressing, hot-isostatic pressing, gas pressure sintering, or more recently, spark plasma

sintering, are used. This makes a-stalons one of the more expensive advanced ceramics, hence
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o materials have thus far only found use in specialised applications that specifically require
their high-performance characteristics and can justify the high cost, such as lathe inseris for

metal cutting tools.

Engineering research into o-sialons and other advanced ceramics is generally focused on
attaining the best uitimate matezial properties to suit the most demanding «pplications. These
materials require very strict control over starting powder characteristics and processing
conditions, and are therefore relatively expensive to fabrcate. However, if the intended
application environment is less severe, it may be possible to sacrifice some degree of
performance for easier and/or cheaper fabrication. One method that can reduce the
fabrication cost is to utilise cheaper minerals or waste by-products from other processes as the
raw matetials for ceramic production. For example, silicon oxynitride can be produced via the
self-propagating high-temperature synthesis (SHS) of desert sand and silicon reclaimed from
zinc smelting (Radwan and Miyamoto 2003).

1.2 Recycling of Wastes Into Ceramics

Traditionally, wastes from industrial processes were simply dumped into landfill. However
with growing awateness of envitonmental concerns and increasingly strict legislative controls
being eracted to prevent leaching of toxins into groundwater and soils, new methods for
minimising and converting waste into benign and potentially useful forms are receiving greater
attention. Particular attention is being paid to wastes from pomary and secondary materials
production as they often contain heavy metals, organic compounds, and other mineral

components that are uneconomical to recover and thus must be rendered inert before
dumping (Pelino 2000).

Steelmaking slag is a waste product produced in vast quantities wotldwide, with approximately
300kg of slag produced for every ton of steel produced in blast furnaces (ASA 2003).
Currently, slag is most commonly used in vitrified form as an additive to concrete where it is
not only cheaper than the cement it replaces, but improves the drying properties and chemical
durab:'sy (Bakharev, Sanjayan, ef o/ 1999). It is also widely used as a filler and stabiliser in
roads ano pavemeiis. Steelmaking slags are composed mainly of Si0,;, Al O,, Ca0, though a

wide varievr of other impurities are also present.

Vitrification of wastes is a2 common treatment for slags and fly ashes, whereby heavy metals

are trapped in an amorphous mawix via rapid cooling from the molten state. The high

temperature removes hazardous organic contaminants, but the process is costly and the
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vitrified product has poor mechanical and chemical properties, which limit its potental for
industrial application (Ferreira, Ribeiro, e 2. 2003). Controlled crystallisation of these vitrified
wastes into glass-ceramic materials can produce a more durable crystalline product with
considerably improved mechanical properties that can be matketed to recover the production

cost. Applications of these glass-ceramics include: low-grade use as a filler in road paving; in

concrete as aggregate; and in commodity ceramics such as non load-bearing construction
bricks, floor paving and wall tles (Boccaccini, Petitmermet, e 4/ 1997; Dominguez and
Ullmann 1996).

The conversion of wastes into advanced ceramics such as sialons, holds potential for even
greater value-adding. For example, rice husk waste from rice beneficiation contains significant
amounts of silica, and with controlled combustion, 2 fine amorphous silica can be produced
for use in whitewares, cements, or as a source for other ceramic materials such as SiC, Si,N,
and B-sialon (Della, Kuhn, ez 4/ 2002). Fly ash generated from the combustion of coal in
power plants contains all the elements necessary for B-sialon production (and sometimes for
a-sialon), and have been produced via the carbothermal reduction-nitridation process to be
described in the following section. Sometimes novel processes must be created to utilise non-
traditional raw materials, and this may produce novel properties in the final product. For
example the process of silicon metal infiltration has been adapted to use pyrolised wood as the
carbon preform, which provides a cellular structure that is then converted to form a cel' L.
SiC ceramic (Singh and Salem 2002). Waste cardboard or sawdust could also be used for this
process, allowing complex geometries to be formed before siliconisation, and thus expanding

the potential of this process to new products.

1.2.1 Carbothermal Reduction-Nitridation

Carb: thermal reducton-nitridation (CRIN) is a process that produces nitride materials from
oxide ptecursors, such as ZtN from ZrO, and AIN from AlL,O, minerals. The oxides are
mixed with a catbon-based reductant, usually carbon-black, and fired in a nitrogen- containing
atmosphere at temperatures ~1300-1500°C. During CRN the metal oxide reacts with the
carbon, which allows replacement of oxygen by nitrogen via CO and CO, gas formation. This
may occur via a series of steps with various intermediate nitrogen-containing phases formed.
The CRN process is widely used commercially for the synthesis of Si;N, powder, from both
synthesised and refined mneral S10, sources (van Dijen and Vogt 1992; Ank 2003), and
vartous sialon phases such as -, O-, and X-sialon can be produced via the CRN of
aluminosilicate clays (Mazzoni and Aglietti 1998).
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The production of B-sialon from clays is one of the most intenstvely studied CRN processes
due to the ability to form 2 high-purity z=3 B-sialon (Si,Al;O;N;)} from kaolinite clay
(25i0,°AlL,0,°2H,0) alone, aad this process is now used to produce ' for commercial
components. In addition to mineral oxide raw materials, some waste products have also been
investigated as precursors for sialons fabricated via CRN. R-Sialon has been produced from a
mixture of carbon-bearing dee husk ash and ALO, (Rahman and Saleh 1995); from sodium-
containing wastes from alumina refining (Cardile 1990); and from fly ashes produced from the
combustion of coal in power pla;.  Gilbert and Mosset 1998).

a-Sialon is chemically more complex than B-sialon as it requites an additional metallic

component, therefore its formation via CRIN has received considerably less research attention.
This is despite some significant potential economic advantages by using CRN, namely, the
ability to use considerably cheaper raw materials such as naturally occurring “ninerals and
waste by-products, instead of expensive synthesised powders. A further advantage is that
CRN genetally requires lower fiting temperatutes and can: therefore use less-expensive fumace
equipment. There also exists the potential for the formatdon of a-sialon powders with unique

morphologies and novel properties.

A few reseatch groups have investigated the use of CRN to form o-sialons from various oxide

raw matetials, including laboratory-grade reagents, clay minerals, and fly ash. However, little
detailed information has been obrained regarding the reaction mechanisms occurring during
CRN in these systems, and only a cutsory description of the densification of CRN-a' powders
has been given. The resultant physical and mechanical properties of these materials have also
largely been neglected in these studies, offering no method to evaluate the potential of CRN-
a-sialon as an engineering material for industrial application. This thesis secks to address these

deficiencies, and is an investigation into using steelmaking slag as the basis for a-sialon

production by CRIN.

Clearly, it is unlikely that a-sialons prepared from slag and other wastes would attain the same
level of excellent high-temperature properties seen in products fabricated from high-punty
synthesised powders. However, many low-temperature applications for a-sialon can be
conceived in the mining and metallurgical industries, such as wear-tesistant linings for ore or
slarty transport equipment, or refractory linings for molten metal containers, which may
benefit from using an inexpensive a-sialon material. Cutrently, steel plates and alumina

ceramics are widely used in these industries, however their performance is relatively poor they

and require constant replacement (Rojan 2002). a-Sialon not only has lower density than these
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two materials (3.2 gem™, compared to 7.8 and 3.9 gem™ for steel and alumina, respectively), it
has high hardness, wear resistance, and chemical durability. Consequently, if the cost barrier
can be overcome, an inexpensive a-stalon may be a viable alternative in large-scale, relatively
low technology industrial applicadons. This thesis will show that the development of such a

material is indeed possible,

1.3 Scope and Structure of the Thesis

This thesis is concerned with developing the CRN technology for producing a-sialon ceramics
from slag and clay mixtures. Being the first such examination into this particular system, rather
than focusing solely on the details of the reaction chemistry, a wide range of features have
been investigated to evaluate the feasibility of using this technology to produce useful
industrial components. Such a wide scope of investigation prevents a full examination of every
possible process parateter or property, and limits the detail in which these features can be
investigated. Therefore, selective attention has been paid to the essential features governing
this process and the quality of the final product, to provide a thorough overview of the
potential of this technology.

The investigation can be divided into  brec main areas: 1) details of the CRN reaction
mechanism and effect of vatious compos. >a and process parameters on the final product; 2)
the high-temperature stability and densification ability of the CRN powder; and 3} evaluation
of the physical and mechanical properties of components densified from the CRN powder.

The structure of the thesis is as follows:

Chapter Two presents a survey of the literature relevant to the issues to be investigated in this
study, rclating to the features and properties of a-sialons, and previous work on the CRN

process of sialon formation.

Chapter Three outlines the experimental conditions used in this investigation for the firing

and analysis of the samples.

Chapter Four is the first of four results chapters, and investigates the CRN reaction process
across a range of slag+clay mixtures. The intermediate phase formation is studied to provide

insight into the reaction mechanisms occurting duting CRN.

Chapter Five investigates the effect of changing the starting composition on the products of
CRN.
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Chapter Six details the cffects of various processing parameters on the CRN reactions of the
most successful compositions found in the previous chapters. The main processing

parameters investigated are powder packing density, gas flowrate, seeding, and the effect of

elevated temperatures on the thermal stability of the CRN product phases.

A study of the mechanical properties such as hardness, fracture toughness and erosion

resistance is presented in Chapter Seven, to evaluate the potential of the CRN-a’ as a useful

engineering material.

Chapter Eight is a summary of the major findings from this investigation, and will provide

some suggestions for further work.




Chapter Two

Literature Review

This chapter presents a selecdve review of the literature to establish the extent of cutrent
knowledge regarding the carbothermal reducton-nitrdation (CRN) process, particularly as it
applies to a-sialon formation. Firstly, an overview of the structure, properties and applications
of the target a-sialon material is given in Section 2.1. Section 2.2 presents a discussion of the
fundamental carbothermal reduction-nitridation process as used to fabricate «-SiN, from
$10, and B-sialon materials from clays. This is followed by details of o-sialon production via
carbothermal reduction-nitridation in Section 2.3. The final Section 2.4 is a Grief description of

the preliminary study into o' production from slag.

2.1 Silicon Nitride and Sialon Ceramics

The sialons (oftzn refetred to as SiAIONs) were discovered in the eatly 1970s independently
by both Jack and Oyama (Jack 1976). It was known in the silicate minerals that simlar sized
AlO,” tetrahedra could replace SiO,* tetrahedra in the crystalline network, provided that the
extra negatve charge in AlO,” could be balanced somewhere else in the structure. It was
postulated that a similar process could occur in Si;N,, and that new phases could be formed
by reacting nitride and oxide powders such as Si;N, ALO,, AIN, and LiSi)N, at elevated
temperatures. The first sialon phase discovered was formed by hot-pressing Si,N, with ALO,
at 1700°C and identification via x-ray diffracion (XRD) showed it to be a Si-Al-O-N solid
solution isostructural to the B-form of Si,N,, hence it was designated B-sialon (B'). Other
sialon phases were soon discovered, including: a-sialon (@) based on the a-Si;N, structure; O-

siallon based on silicon oxynitnde (Si,N,0); X-phase (Si;,AlO,N.); and a vanety of

polytypoids based on AIN, but with various levels of Si and O incorporation (Hampshire
1994),

Since the a- and B-sialons are solid solutions of Si,N,, many of their structural and
behavioural features are directly related to the parent SN, polytypoids from which they are
derived. A description of the crystal chemistry of these materials is presented in the following
section. Features specific to Ca-a-sizlon, which 1s the target material of the current
investigation, will be emphasised in this discussion. O-Sialon and X-phase are outside the

scope of the present work and will not be discussed here.




‘r~. T Literalurs Seview

2.1a ory .al Chemistry of Silicon Nitride and Sialons
2.1.1.1 SisNy

Silicon nitride (Si,N,) has a hexagonal erystal structure comprising of SiN, tetrahedra shating
comers to form a 3-dimensional network. The slightly distorted SiN, tetrahedra form
‘puckered rings” of alternating Si and N atoms at fractional heights of z=0.25 and 0.75 as

shown in Figure 2.1a, which can be consid~red to be a 2-layer AB unit (Hampshire 1994). B-
Si;,N, is formed when multiple unit cells are stacked on top of each otherin an ABAB stacking
sequence, forming long continuous channels along the ¢-axis (Figure 2.1b). a-Si;N, has a 4-
layer ABCD stacking sequence, whete the CD layers ate the same AB layers as in §-Si,N, but
rotated thcough 180°, as shown in Figure 2.2. This tesults in a clos;ing off of the long channels
found in B-Si,N,, creating two latge interstices or ‘cages’ centred at 1/3, 2/3, 3/8, and 2/3,
1/3,7/8 in the lattice (Figure 2.2b).

2.1.1.2 B-Sialon

B-Sialon is structurally based on B-Si,N,, but differs chemically via alloying with Al and O in
an equimolar ratio; ic. z[Si-NJ* bonds are replaced by z[Al-O]” bonds. Both AP’ and O* are
one charge lower than the Si* and N* ions they replace, hence overall charge neutrality is

preserved. B-Sizlon compositions can be represented by Equation 2.1, where the substitution

limit of 2£4.2 has been determined experimentally (Jack 1976).

Si, ALO,N,, 2<4.2 [2.1]

The slightly longer bend léngth of the Al-O bond (1.77A) compared to Si-N (1.76A) (Hyde, §'j
Thompson, ¢f /. 1994) enlarges the B-sialon unit cell, which allows for differentiation from $-
Si;N, by producing detectable shifts in the B-sizlon XRD peaks towards lower 28 values, as
well as changing the relative intensities of the peaks. For very small values of z, these changes
may be small and difficult to detect.

Morphologically, B-Si,;N, and f-sialon form as acicular ; ains elongated along the c-axis.
Aspect ratios for B-sialon are often in the range of 4 to 7, imparting a relatively high fracture
toughness to B-sialon materials, which are found to have the highest fracture toughness of all
the sialon phases investigated (Ekstrom and Nygren 1992).
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Figure 2.1 Schematic representation of 3-Si;N; structure: (a) the (001) projection of the idealised
planar SiNy4 network, (b) side view showing AB stacking and formation of hexagonal channels,

2.1.1.3 a-Sialon

Structurally based on a-Si,N,, a-sialon contains an extra substitution of m{Al-N] bonds for
m[Si-N]" in addition to the n[Al-O]" for n[Si~N]" substitutions that occur in B-sialon. This
extra substitation of AP* for Si** results in a net negative charge, which must be compensated
by the addition of metal cations to the system, which are known as ‘stabilising cations’. The
two interstices provide convenient locations for these cations to be incorporated into the a-

sialon structure. The formula representing a-sialon compositions is given in Equation 2.2.
M, St o) Alptn Oa Nyg, ¥ = m /valency of M"™ cation [2.2)

The size of the interstices limits the elements able to be used as stabilisers, and the amount of
stabilising additive incorporated into the structure will depend on its valency (Izhevsky,
Genova, ¢f a/. 2000). The most frequently used cations include Y**, the rare earths (RE) Sm™,
Nd**, Dy*, and Yb*, the alkaline earth metals Ca®" and Mg®, and Li". The largest RE cation
able to enter the o' structure alone is Nd**, though larger cations such as Ce’* and La’* can be
partially incorporated via quenching and/or in combination with smaller caticns such as Ca®

and Yb*', thus forming multi-cation stabilised c-sialons (Mandal and Hoffmann 1999).

13
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Figure 2.2 Schematic representation of 0-5isNy structure: (a) (001) projection of the idealised AB
and CD planes, (b) side view showing the ABCD stacking sequence and formation of interstices.

Compared to the Y-o' and RE-a’ materials, the divalent nature of Ca** allows more of ‘he
calcium added to the system to be mcorporated into the o' structure, The highest reported m-
value is 3.66 (xv=1.83 Ca® /unit-cell), which was obtained by using Ca,N, as a Ca source (Jack
1983), however a maximum of only m=2.8 (x=1.4 Cz2®/unit-cell) has besn observed
elsewhere, where CaO is used as the Ca source (Huaag, Sun, & /. 1985). This is much higher
than for other cations, where 2 maximum of m=1.0 is reported for the smallest RE cation
Yb* (Wang, Zhang, e al 19992), and allows ‘cleaning’ of the grain boundary glass by
removing glass-forming Ca®** from the liquid phase. A value of m=0.6 (x=0.3 Ca®"/unit cell)
cotresponds to the minimum Ca content required for o' formation, which indicates that a

miscibility gap exists between @-S5i;N, and a-sialon (Wang, Zhang, e 4/ 1999a).

As with a-Si,N,, a-sialon generally forms with an equiaxed morphology (Wang, Cheng, ¢ al.
1996). This gives a-sialon products lower toughness than elongated B-sialon, however the 4-
layer stacking sequence increases the Busgers vector in the cditection, imparting a higher
hardness to the o' phase (Cao and Metselaar 1991).

2.1.1.4 Reprecentation of a-Sialons on Bebaviour Diagrams

The sialon behaviour diagram is a useful way ro plot sialon coipositions, and can be used

much like a phase diagram in graphically plotting phase boundaries at specific temperatures.
14
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For compositions in the 4-component Si-Al-O-N system, a 2-dimensional behaviour diagram
is shown in Figure 2.3a. Assuming all the elements maintain fixed valencies and ignoting pas
phase interactions, any sialon compound can be represented by only two varables, ie. Al- and
O- content, and these are plotted on perpendicular axes using Si,M, as the origin. The unit of
concentration :5 not mol% or wt%, but ‘equivalent concentration’ or ‘eq%’, a unit that
accounts for the cation and anion substitutions in Si*'/AP* and N*/O* pairs. The total
valencies of the end poiats SN, ALO,, Si0, and AIN are scaled up such that each corer of
the square has a total of 12+ and 12- valencies (Jack 1978). The B-sialon phase field extends
along 2 narrow compositional range, from the Si,N, comer along a line of constant
cation:anion ratio of 3:4, corresponding to the 1:1 substitution of Al and O atoras into Si,N,

The limit of this substitution 1s at the maximum z-value of 4.2.

Sis0s ~ SL{IA0,2504 AL,
G0y CagN,
ay ¢ e % b
h) _—— v x P ] ) A
| " 3405 AIN)
7 ;::E" “'\
AN MN-ALDY

™y — Si Pg RSHNO  SiyN,

Figure 2.3 (a) $i-Al-O-N behaviour diagram (after Jack 1978), (b) Janecke prism construction for

the Ca-Al-5i-O-N system (after Hewett, Cheng, er 2L 1988).

In the case of w-sizlon the additionai metal cotaponent requites representation via a 3-
dimensional construction known as the Janecke prism; the 4-component 5i-Al-O-N behaviour
diagram (Figure 2.3a) forms the base of a trangular prism with all sides of equzl length, and
the additional metal component is the top edge (Figure 2.3b). The trtangular M-8i-Al-O end is
the ternary oxide phase diagram expressed in equivalent concentration, with the other end
representing the fully nitnded M-Si-Al-N phases. Partially nitrided oxynitride phases are
located within the prism, and lie in a region of compatibility defined by a maximum of four

phases which form the corners of a tetrahedron.
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It should be noted that these are not technically phase diagrams because they do not represent
true thermodynamic equilibrium; it is not kinetically possible to completely remove the
intermediate liquid phase which forms the grain boundary glass, and any gas phases and minor
impunity phases are ignored (Cao and Metselaar 1991). Hence these are usually referred to as
sialon ‘behaviour diagrams’.

The a-sialon plane or ‘a’-plane’ as indicated in Figure 2.3b is preseated in detail for the Ca-Si-
AIO-N system in Figure 2.4. It has corners at 4/3(AIN-ALO,), 1/2(Ca,N,)-3AIN and Si;N,,
and shares a bottom edge with the B’ phase field. The metal to non-metal atomic ratio on this
plane is always 3:4. The single-phase o' field is conteined in this two-dimensional plane near
the S3,N, comer. The size of the single-phase ' region is largest for the Ca-o’ system due to

the high solubility of Ca™, and dectreases with temperature (Izhevskiy, Genova, ez a/. 2000).
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Figure 2.4 Ca-o-plane (after Wood and Cheng 2000).

At low Ca-contents outside of the single-phase region, o' is in equilibrium with 37, and at high
Ca-contents &' is found together with various AIN-based polytypoid phases and large amounis
of glass. At sintering temperatutes, AIN and the AIN-polytypoids coexist with o’ along with
substantial quantities of liquid phase, thus the AllN-based regions on the o'-plane (Figure 2.4)
are the intersections of the polytypoid-liquid de-lines with this plane. The residual glass is not

contained within this plane but is located ai the oxide end of the Janecke prsm. The
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substitution of 17-25 eq% of N for O extends the glass phase field some way into the prism,
however the exact shape of the glass field depends greatly on composition (Hampshire 1994).

2.1.1. IN and -P, oids

AlN-polytypoid phases, sometimes called ‘sialon polytypoids’, are AIN defect structures that
arise from the incorporation of Si and O into the hexagonal AIN wurtzite unit cell. Each of
the polytypoids has 2 fixed metal (M) to non-metal (X} ratio of the form M_X, ., where
4<in<11 (Sorrell 1983). The structures are built up along the c-axis from AB and ABC stacking
sequences of MX layers, interspersed penodically with MX, layers t¢ accommodate the
stoichiometry (Wang, Sun, ¢ o/ 1999). The polytypoids are usually described using Ramsdell
notation, which uses numerals to indicate the number of planes in the stacking sequence, and

either H or R to signify a hexagonal or thombohedral unit cell, respectively.

Six AlN-polytypoids ate located between AIN and 8’ as shown in Figure 2.4, with the M/X
ratio decreasing from 1/1 to 4/5. The 2H® polytypoid is a disordered 2H-AIN structure where
the concentradon of additional non-metal atoms is too small to create an ordered structure,
and has an M/X ratio >9/10 but <1/1 (Sorrell 1983). Wotk by Wood and Cheng {2000) on
high-Ca-containing a-sialon compositions recently identified a small extent of solid solution
of Si and O within the AIN-2H structute, but less than the amount required to form the 2H°
polytypoid. This solid solution has been designated AIN', and retains the same hexagonal
structute and ‘has almost identical lattice parameters as AIN, thus is indistinguishable from
AIN using XRD. AIN and AIN’ grains in high-glass Ca-0-sialon based compositions were
found to have a distinct, el:ical morphology (Wood and Cheng 2000). Mg-containing
polytypoid phases have been i... . the Mg-Al-Si-O-N system, however no equivalent Ca-
containing polytypoids have been det. ted in the Ca-Al-Si-C-N system (Thompson 1989).

The polytypoids are structurally and chemically distinct from AIN or AIN', and form
elongated fibtes or plate-like grains (Wang, Jia, ¢/ 2/ 1999). AI-N based ceramics have poorer

mechanical properties when compared to Si~-N based materials, however AIN has found wide
application as a heat-dissipating substrate and packaging material in microelectronics, due to
its high thermal conductvity (Rafaniello 1997). The poor mechanical propetties and difficulty
in controlling polytypoid formation: has meant that little attention has been paid to developing
these materials for structural applications, howevet, the fibrous nature of the polytypoid
phases appears t© produce materials with high flexure strength at elevated tempetatuses
(Wang, Sun, ¢f af. 1999).
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2.1.2 Production of a-Sialon — Reaction Sintering

The CRN process developed in the current work is an slternative to reaction sintering, which
is the process initially used to produce the sialon phases and which remains the most widely
used technique for a-sialon production. The main features of this process are briefly outlined

in this section.

The reactants for reaction sintering ate commonly o-Si,N,, AIN, $iO, and/or ALO, to adjust
the oxygen content, and the relevant metal oxide. The mitride powders contain an oxide layer
on the surface, which 1s usually taken into account when designing sialon compositions (Cao
and Metselaar 1991). Sintering is performed in an inert atmosphere to avoid oxidation at the
sintering temperature, which is usually in the range of 1600-1800°C to achieve the highest
possible density and ensure maximum convetsion of silicon nitride to sialon. Densification
occuts via a eutectic liquid phase formed from reactions between the metal oxide additive and
the SiO, and ALO, oxide layers present on the aimide particles. The hquid phase allows for
the dissolutdon of Si,N, into the liquid and the subsequent prec’pitaton of Si-Al-O-N phases
from this liquid. The reaction-sintering process can be divided into three overlapping stages
(van Rutten, Hintzen, ef a/ 1996):

1) primary patticle rearrangement, brought about by the formation of the liquid phase
wheteby capillary forces cause solid particles to slide over each other;

2) a solution-precipitation proces. if the solid particles have sufficient solubility in the

liquid (reaction);
3) grain growth, coalescence and closed-pore elimination (sintering).

The resultant product is a densified solid body, either single- or muld-phase sialon depending
on the starting composition and firirg conditions used. The volume of liquid produced during
sinteting may be too large and too viscous to be absorbed into the «' structure, thus any
excess liquid will remain in the system and form a grain boundary glass on cooling. Glass
generally has detrimental effect on bulkk material properties, especially at temperatures above

the glass softening temperatute of 900-1100°C (Izhevskiy, Genova, ¢z a/. 2000).

The demanding performance requirements of engineering ceramics such as a-sialon requires
very good control over the final chemical composition and microstrucrure of the sintered
product. This in turn requires high quality starting powders with very high purity, fine size

(~<1um), and narrow size distribution, (Rahaman 2003). There are three main methods used
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for commercial Si,N, powder synthesis: 1) ditect nitrdaton of Si metal, 2) carbothermal
reduction-nitridation of 5i0, by carbon at 1400-1500°C, 3) decomposition of SiCl, gas in
ammonia at 1200-1500°C (Komeya 1994). The Si,N, powder formed from these methods
vanes in purity, particle size, and o/ content, but is generally 99.7 to >99.98% pure and sub-
micron in size. The reactants for Si,N, production, such as Si metal, are relatively expensive
and involve mahy stages of refining and high-energy processes such as extractive metallurgy to
produce them, which substantially contributes to the cost of a-sialon materials. A recent
advance is the production of nanometre scale Si,IN, powders using laser heating of Sirl, or
SiCl, gases (Rahaman 2003), however this is currently an expensive process that has not yet

seen industrial application.

Further details regarding the CRN formation of Si,N, powders from $10, are given in Section
2.2.

2.1.3 Properties and Applications of Ca-a-Sialons

&1.3.1 Hardness and Fracture Toughness
The defining characteristic of a-sialon is its high hardness, which is often above 15 GPa and

as high as 22 GPa in some systems (Ekstrom 1996). This is comparable to alumina, the most
widely used ceramic matetial, and is higher than hot isostatically pressed Si,N, (Mandal and
Hoffmann 2000). Although alumina generally has higher room temperature hardness, o-
sialons better retain their hardness and strength at high temperatures, experiencing only a 30%
decrease in strength at 1000°C compared to 75% for alumina (Hampshire 1994). However,
wide scatter in mechanical property data is reported for the a-sialons due to the different
mictostructure: formed, especially the amount of grain boundary glass (Cao and Metselaar
1991). Typically, Ca-a-sialon materials have hardness values ranging from 15.5-19.75 GPa,
depending on the amount and type of secondary phases present such as ', AIN-polytypoids
and glass (Wang, Zbang, ¢z a/. 1999a).

The fracture toughness (K, of non-toughened ceramic matenals is generally 3-5 MPam”
(Kingery, Bowen, ¢/ a/. 1976), and Ca-a-sialon materials with equiaxed microstructures have a
teported toughness in the range of 4.4-5.1 (Wang, Zhang, ¢ a/. 1999a). This is lower than that
of B-sialon, which zas a fracture toughness s high as 7.7 MPam” due to the presence of in-
situ toughening mechanisms such as crack deflection, crack bridging, and grain pullout arising
from the clongated B' grain morphology (Cother 1987). To improve the fracture toughness of

monolithic o’ materials, elongated o grain growth has recentdy been promoted by seeding
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with elongated 3-Si;N,, or specially prepared Y-o' seeds (Zenotchkine, Shuba, ¢f al 2002); or
by controlling sintering parameters such as soak time, and using high-temperature (1800-
1900°C} post-sintering heat-treatments without seeding (Chen, Sun, ¢z 2/ 2002). In the Ca-o'
system, elongated grains were easily formed dusing pressureless sintering of AIN- and ALQO,-
rich compositions (ie. high m- and n-value), which produce large quantities of liquid at the
sintering temperature (Wood, Zhao, e 4/. 1998). This produces self-reinforced materials with
significant improvements to fracture toughness previously only seen in hot-pressed systems,
giving a K, greater than 6 MPam” (Wood, Zhao, ¢f 2/ 1998). Similar results have also been

observed in the Y-’ system (Kurama, Hetrmann, ef 2/ 2002).

2.1.3.2 High-Temperature S tability
The o phases of the rare earth (RE)-sialons, although stable at high temperatures, are unstable

and wansform to (' and RE-contzining melilite or similar phases in the relatively low
temperature range of 1300-1600°C (Mandal 1999). Decreasing &' stability is associated with
decreasing solubility of the cation in the «' phase, which is in turn related to increasing ionic
radius, thus the larger RE cations such as Nd and Sm produce the least stable o phases
(Mandal and Heffmann 1999). Above 1600°C the 3 can back-transform to a, which shows
that the o'—>f' transformation is fully reversible, and depends on temperature and
compositional factors such 2s the amount of grain boundary glass and the presence of B-sialon
nucleation sites (Rosenflanz 1999). The a'—p' transformation has not been observed in Ca-¢-
sialons, even after heat-treatment for over 200 hours at 1450°C, indicating that Ca is the most
stable o stabiliser found thus far (Hewett, Cheng, ¢/ @/. 1998). In fact adding 2 more soluble
and stable cation such as Yb*" or Ca®* to less stable RE-a’ systems can significantly improve
their overall thermal stability. Sm-a’ is one of the least stable o’ systems and transforms to p’
within a few houts at 1450°C, but the addition of 5 wt% Ca into Sm-a’ can prevent the a'—>§’

wransformation from occurring (Seeber and Cheng 2003).

2.1.3.3 Solid Partrcle Ervsion Resistance

The erosion and fracture of brittie matetials encompasses a vast field of research, hence only a
cursory description of the literature directly relevant to the current investigation is presented
here. Studies of the erosion resistance of engineering ceramics have largely been focused on
the two most widely used wear materials, alumina (ALO,) and SiC. These matesials have
considerable mictostructural complexity, and no common model has been able to account for
the effects of factors such as grain size, impurities, and porosity (Zhang, Cheng, ¢ a/ 2000).

Little work has been performed on the erosion resistance of nitride ceramics, and the only
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detailed study of monolithic a-sialon materials was performed by Zhang (Zhang 2002). In this
study, the effects of various material and microstructural factors were investigated, including
material density, hardness and fracture toughness, grain boundary phases and grain
morphology. Contrary to the theoretical models, no simple relationship between fracture
toughness or hardness and erosion resistance was found, with mictostructural factors strongly

influencing erosion behaviour.

Ca-at" materials with a fine, equiaxed grain morphology experienced grain ejection as the major
material removal mechanism, whereas the interlocking, elongated grains produced in high m-
and n-value compositions experienced combined transgranular and intergranular fracture. It
was discovered that an optimum amount of grain boundary glass may improve the erosion
resistance by providing a stress cushioning effect. An excessive amount of soft grain boundary
glass was dettrimental to the erosion resistance, but removal of the glass via devitrification also
lowered the erosion resistance, with all heat-treated samples performing worse than the non-
heat-treated counterparts. The glass can help to cushion the stresses due to it having sirnilar
composition to the &' grains, thus producing good bonding between grains. Devitrification of
the gless caused the formation of stresses due to thermal mismatch, weakening the bonding

between grains, and thus reducing the cushioning effect.

It was found that the erosion resistance of Ca-a’ to a softer erodent was very high. Garnet has
a lower hatdness (13.8 GPa) than the target o’ materials, and undergoes severe deformation
and fragmentation when impinging on the target surface, resuling in less energy being
transferred to the target and thus low erosion efficiency. When using harder SiC erodent (30.4
GPa) very high rates of material removal were observed. Examination of the effect of impact
angle (8) showed that the erosion rate increased monotonically with 8, with the maximum
erosion rate expetienced at 90°, This is due to an increase in the normal component of impact

velocity (v'sinf) with increasing ©.

Figure 2.5 is a graph of the erosion rates of two in-house prepared Ca-o-sialons (CA2613)
tested against a range of commercially produced ceramics. The steady-state erosion rate is
defined as the linear region of the cumulative volume curve plotted against the mass of
erodent, which in this case was SiC impacting at 90°. The CA2613 material had a design
composition of m=2.6, n=1.3, and was the most wear resistant of the Ca-a' materdals
investigated in Zharg’s study. CA2613 was formed by pressureless sintering alone, and
CA2613C was produced via pressureless sintering followed by hot-pressing to improve the

density.
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Figure 2.5 Cumulative volume loss of various target ceramics as a function of the amount of SiC
erodent impinging on the surface at 90° incidence angle (after Zhang 2002).

Key: ADY98 = 99.8% high purity alumina, SiC-S & SiC-C = siliconised silicon carbide from two
different suppliers, Mg-PSZ = Mg-partially stabilised zirconia (G=ground surface, AF=as-
fired surface), SN = silicon nitride (C=with B-Si:N4 seeds, F = without seeds), CA2613 =
pressureless sintered Ca-a-sialon, CA2613C = hot-pressed Ca-0-sialon.

It is clear that the Ca-0 materials possess extremely good wear resistance, with the wear rate
of the hot-pressed Ca-a' being the lowest of all materials tested. Only the gas-pressure
sintered SN-F material, which incomarated 5 wt% B-Si;N, seeds to promote an elongated
microstructure, displayed a similarly low wear rate. Decreasing wear resistance was found for
the Mg-PSZ ceramics, followed by the siliconised silicon carbides, and the alumina material
displayed the worst resistance to erosion. This result clearly demonstrates the potential for Ca-

a-sialons to be used as wear resistant materals.

2.1.34 lrcations of -3 ialos

Single-phase a-sialon materials have not found widespread use in industry. This is mainly due
to their low fracture toughness, which can be improved through the formation of a two-phase
o/B-sialon material. One of the first successful applications of sialons was as lathe tool insetts
for metal cutting, Coaditions at the tool tip are severe; temperatures can exceed 1200°C,
fluctuate by several hundred degrees, and experience lazge stresses and thermal gradients
(Brandt 1991). Inserts that combine the chemical inertness, hardness and thermal shock

resistance of o’ with the toughness of B' produced significant performance imptovements

22




Chapter 2 Literature Review

over conventional cemented carbide tools, especially for cutting non-fetrous alloys such as Ni-
based superalloys and copper-based alloys; a/B-sialons allow higher cutting speeds and depth
of cut, and have a significantly longer tool life (Cother 1987). Sialons can generally not be used
for iron-based alloys due to chemical instability.

Metal-working components such as cold drawing dies and extrusion die inserts are being made
from sialons for non-ferrous applications (Katz 1993). The non-wetting nature of the sizlon-
metal interface results in lower fiiction and higher wear resistance thaa in traditiopally used
specialty steel dies, and for copper extrusion improvements in the extrusion speed, surface
fimish and dimensional tolerances have been reported, with some dies exceeding 30 times the
lifetime of traditdonal materials (Cother 1987).

Wear patts may provide a huge potential market for sialons, especially a-sialosis. According to
Ekstrom, ceramic materials held only a 2% share of the USD$ 6000 million/year market, with
most of that shate being filled by alumina and silicon carbide (Ekstrom 1993). As discussed
previcusly in Section 2.1.3.3, the tests by Zhang (2002) clearly demonstrated that Ca-o'
materials p+ssessed equal or greater wear resistance than these matertals, and the lower density
of ~3.2 g/em’ vs 3.9 g/em’ for alumina may be advantageous in lowering the weight of o'
components. However, for commercial viability the cost of a-sialons must reduced; the cost
of alumina and SiC powders are ~1/10 and 1/4 the cost of conventional Si;N, powder,

respecttvely.

Slag-based ¢’ have also shown excellent resistance to attack by molten slags. A preliminary
investigation into the erosion/corrosion resistance of a slag-based o’ material produced via
self-propagating high-temperature synthesis (SHS — to be discussed in Section 2.4.2) produced
very promising results. A tile hot-pressed from this SHS-a' powder at 1750°C for 1 hour was
fixed on a steel plate and eroded by 300,000 tons of molten siag flowing perpendicular to the

ceramic for over 2 months. It expetienced almost no detectable mass loss and maintained its
polished surface, unlike the steel substrate which was substantially eroded (Wang 2002).

2.1.4 Other Phases in the Ca-Al-Si-O-IN System

Many differeat phases exist in the Ca-Al-Si-O-N system, and the phases relevant to the work

in this investigation are introduced here.
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2.1.4.1 Geblenite (Car 455107

Gehlenite (Ca,ALSIO,) is the end-point of a continuous range of melilite solid-solutions with
akermanite (Ca,Mg5i,0,) at the other end, formed by complete substitution of Mg®* and Si*
for 2A1" (Grimshaw 1971). Gehlenite has been detected as an intermediate phase produced
during the formation of Ca-a-sialon via reaction sintering. Hewett discovered gehlenite to be
present only between 1200-1400°C (Hewett 1998), however van Rutten and co-workers
detected gehlenite up to higher temperatutes of 1600°C (van Rutten, Hintzen, ef 4/ 1996). It
was also observed that the calculated cell parameters for the gehlenite detected in the Ca-a-
sialon deviated from the expected values, and this was attnbuted to the formation of a
nitrogen-containing solid solution of the form Ca,Al, Si,,, O, N, (van Rutten, Hintzen, ef a/
1996). Similar N-containing melilite phases of the form (M,0,81,N,), where M= Y or RE, are
often found as grain boundary phases in a-sialon systems (Wang and Wemer 1997). Gehlenite
is also seen as the main devitrification product of the Ca-Al-Si-O-N glass in this system
(Hewett, Cheng, ¢ a. 1998).

2.1.4.2 D- M-, and E- phases

Huang and co-workets identified several new phases in the Si,N,—AIN-CaO system: Z-phase
(3Ca0-5i,N,0), D-phase (2Ca0-51;N,), M-phase (2CaO-5,NAlIN), and E-phase (CaAlSIN,)
(Huang, Sun, ef 4/ 1985). The subsolidus phase diagram and isothermal section of this system
at 1700°C are presented in Figure 2.6.

W0 60 B0 AN SigNom 20 40 60 80 AN

SigNgt5) 2‘0
tmot %fo) {mol o)

Figute 2.6 Phase relations in the SisN—AIN-CaO system: (2) subsolidus diagram, (b} isothermat
section at 1700°C (after Huang, Sun, er al, 1985).
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D-phase (2Ca0-8i,N,) was formed from compositions hot-pressed in the binary CaO-Si;N,
system above 1400°C, usually accompanied by some Z-phase (3Ca0Q-Si,N, ). A single-phase
product was difficult to obtain, with a nearly single-phase product formed at 1650°C. The
morphology of D-phase as shown in the paper appears to be that of roughly square plates, but
no indication of size was given. The XRID peak positions for this phase have been listed, but
the crystal structure has not been determined and no further reports of this phase appear in
the literature. The subsolidus diagram in Figure 2.6a shows that a binary phase compatibility

region exists between D-phase and the full range of a-sialon solid solutions.

M-phase (2CaO-S5i;NAIN) was discovered to be a metastable phase produced only in the
composition 2CaO:51,N:AIN. A mixture of M- and D-phases was formed at 1400°C, with
single-phase M-phase found to exist only at 1450°C, above which it decomposed to E-phase
(CaAlSIN,), AIN, and a glass. XRD datz for the M-phase was provided, however the crystal

structure was not determined.

M-phase has also been detected as an intermediate phase during the reaction sintering of Ca-
a-sialons, where a small amount (<10%) was formed at 1200°C as a precursor to gehlenite
formation, melting at 1350°C (Hewett 1998).

E-phase (CaAlSiN,) was not only formed via the decomposition of M-phase, but formed
simnltaneously with AIN above 1500°C in almost all compositions restricted to the
3Ca0O-S;N,0-2Ca0 Si;N,~AIN subsystem. E-phase is a fully nitrided phase that does not lie
within the plane of the oxynitride diagram given in Figure 2.6, and was identified as having an
orthothombic crystal structure with space group Cmc2. The XRD peak positions were listed

but no morphological features were described.

A further investigation of E-phase revealed that there is some ambiguity regarding its
composigon (Thompson 1989). Microprobe analysis gave a composition closer to 1:1:2
Ca:AlSi, rather than the 1:1:1 previously reported by Huang and co-wotkers. The crystal
structure of CaAlSiN, is the same as MgAISiN, and LiAlSiN,, which are temary nitrides with
wuzrtzite supetlattice structures based on AIN. These nitrides have a 1:1 ratio of metal (M) to
nonmetal (N) ions, where both M and N are in 4-fold co-ordination. The Ca*" jon is genetally
considered to be too large to occupy 4-fold co-ordinated sites, and unlike Mg or Li, does not
form other wurtzite supetlattice nitrides of the form MgSiN,. The presence of Ca in the E-
phase structure was thought to be a result of possible enlargement of the site by substitutions

of Si for Al. Furthermore, it was stated that nitrides with these structures can form a range of
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solid-solutions, such as MSiN,-MAISIN,—=AIN, or MAISIN;—Si,N,O, which may further

complicate the determination of the E-phase composition.

2.2 Carbothermal Reduction-Nitridation (CRN)

Carbothermal reduction alone, without mitridation, is often used to produce various non-oxide
ceramics from a varety of oxide-based precursors and catbon sources, often with unique
motphologies. Examples include the production of single crystal boron carbide nanowires (Ma
and Bando 2002), and ZrC-SiC composite matenals {(Das, Panneerselvam, ef 2/ 2003). If a
nitrogen atmosphere is used, nitride ceramics such as TiN, AIN and Si;N, can be produced
(Tsukada, Naito, ez 2{ 1989). This process, also known as ‘carboreduction-nitridation’ or
‘carbonitriding’, was first patented as a method of producing Si,N, from SiO, back in 1896,
and 13 now commoanly used to economically produce high pumty Si,N, powder (Cho and
Chatles 1991a).

The reacton process that converts 510, to Si,N, duting CRN is fundamental to the
production of B' from SiO,-based minerals via CRN, which in turn provides a basis for
understanding the process of o’ production. Accordingly, the features of these processes are

outlined in this section.

2.2.1 SisN4 Formation via CRN of $iO2

The overall equation for the CRN of SiO, to form Si,N, is given by Equaton 2.3 (Weimer,
Eisman, ef a/. 1997).

3 Si0,(8) + 6 C(s) + 2 Ny(2) ~ Si,N,(s) + 6 CO®) [2.3]

A sequence of reactons occur at the SiO,~C interface to produce gaseous SiO (Equation 2.4),

which then reacts with nitrogen to produce Si,N, acce:ding to Equation 2.5 or 2.6:

Si0,(s) + C(s) < SiO(g) + CO(®) 2.4]
3 8i0(g) + 3 C(s) + 2 Ny(g) — Si,N,(8)+3 CO(g) [2.5]
3Si0(g) + 3 CO(R) + 2 Ny(g) — Si;N,(s)+3 CO,(e) [2.6]

The optimum CRN process is one that fully converts the SiO,~C mixture to Si;N, with 2 high
o/B ratio and minimal by-products such as SiC. This requires optimising the balance of
temperature, carbon content, nitrogen flowrate, and powder characteristics (size, purity and
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morphology). Elevating the reaction temperature increases SiOfg) formaton, but also
increases the likelihood of SiC formation (Cho and Charles 1991a). SiC formation will also be
promoted by a high C conter:, however, since «-Si,N, nucleation occurs at the points of
contact between C and SiO, particles, Si;N, formation is generally enhanced by a high C/SiO,
ratio, and ratios of ~4:1 are often used, which is higher than the stoichiometric ratio of 2:1
(Cho and Charles 1991a). CRN can also be promoted by using C sources with a high specific
surface area (Weimer 1997). Higher N, gas flowrates have been shown to promore S5i,N,
formation by removing the unwanted CO gases and thus making 510(g) more stable (Weimer
1997). Seeding the sample with a small amount (£0.2wt%) of the target a-Si;N, product was
shown to both significantly enhance the o/P ratio of the product (from ~75 wt% a to >95
wt%), and refine the patticle size to <lpm by providing pre-existing sites for a-Si,N,

nucleation (Kang, Komeya, ef 4. 1996).

2.2.2 B-Sialon Production Via Ci: /- : r.aolinite

Lec and Cutler first produced ' via CRN, using mixtures of kaolinite clay and carbon-black to
avoid the use of the exnensive raw materials required for the reaction sintering route (Lee a.ud
Cutler 1979). The composition of kaolinite lends itself to the production of a z=3 f-sialon
without the need for compositional adjustments, hence this is the most intensively studied

sialon-forming CRN process and is now used commercially to produce §' components (Fabbn

and Dond: 1991).

2.2.2.1 Clay Minerals Used for CRN

Clay is a2 common term used to encompass various hydrous layered silicates (Brindley and
Brown 1984). The basic unit of these minerals is the [SiO,]* tetrahedron, which can be
arranged into 2-dimensicnal sheets when three of the four oxygen atoms are shared with
adjacent tetrahedra. To satisfy bonding requitements, the apical oxygen anion at the top of
each tetrahedron may be linked to external cations, or to an apical oxygen of another mineral
layer such as the octahedral gibbsite layer, which consists of AP ions in 6-fold coordination
with O” jons. Apical oxygen that is not shared between layers will usually link to hydrogen to
form a hydroxyl (OH") group. The sheet-iike nature of these materials means that the minerals
formed are usually plate-like in morphology.

Kaolinite (2510,-AL,0,2H,0) is the main component of what is commonly termed ‘china
clay’, and is the most important of the clay minerals. Kaolinite is a 1:1 layered mineral where
each tetrahedral silicate layer is linked to one octahedra® gibbsite layer (Figure 2.7a). Kaolinite

is electrically neutral, rarely contains isomomphous substitutions such as Fe for Al, and the
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layers are bonded together by relatively weak, long distance hydrogen bonds (Grimshaw
1971). Kaolinitic clays often contzin SiO, quartz as the main impudty, though mica and
feldspar are also common. It finds 2 very wide range of uses, including as a “ller in paper
production, and is the main ingredient of porcelain. The phase changes occurring during

heating are described in Section 2.2.2.2.

Pyrophyllite is a 2:1 layered mineral, where one octahedral gibbsite layer 15 sandwiched
between two tetrahedral silicate layers (Figure 2.7b). The chemical formula is
4510, AL O xH,0, and it has doubie the Si content of kaolinite. 1i' ¢ kaolinite, it is electrically
neutral and isomorphous substitutions are rare (Grimshaw 1971). The forces binding adjacent
layers are thought to be mostly Van der Waals linkages, with 2 small ionic attraction between
layers (Brindley and Brown 1984). Upon heating it dekydroxylises at ~800°C and decomposes
above 1100° to form a ‘felted mass’ of crystobalite and mullite needles. These phase
transformations occur with negligible shrinkage, thus pyrophyllite is widely used as 2 volume
stabilising additive in many ceramic products, including electrical porcelains, tle bodies, and
refractories (Gtimshaw 1971). Both kaolinite and pyrophyllite are used as additions to the slag

in the current investigation.

KAOLINITE
PYROPHYLLITE

Figure 2.7 The structure of (a) kaolinite, and (b) pyrophyllite (after Grimshaw 1971).

2.2.2.2_ Reaction Sequence of CRN

The idealised overall reaction for producing B-sialon (z=3) from kaolinite at temperatures

around 1400°C is (Higgins and Hendry 1986):
3 (25i0,:AL,0,2H,0) + 15 C + 5 N, - 2 S, ALO,N; + 15 CO + 2 H,0

This process was found to occur in several stages (Mazzoni, Aglietti, ¢ 4/ 1992a):

~-

:
f .
:}-
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a) Clay decomsposition reactions during heating

The loss of structural water below 600°C results in a collapse of the kaolinite structure and the

formation of amorphous metakaolin, which then decomposes to produce crystalline mullite

and amorphous silica at ~1100°C according to reactions 2.8a and b. These decomposition

reactions are independent of the furnace atmosphere.

2810,ALO,2H,0(s) = 25i0,:AL0, (5) + 2 H,O  (~500°C) 2.84]
kaolinite metakaolin (amorphous)
3 (2Si0,;ALOY(s) = 3ALO,25i0,(s) + 4 SiO,s)  (~1100°C) [2.8b]
metakaoclin mullite amorphous

b) Carbothermal reduction of stlica to form SiC at ~1400°C

The amorphous silica released from decomposition of the kaolinite undergoes catbothermal

reduction to form SiC according to Equation 2.9.
$i0, + 3 C & SiC(s) + 2 CO(g) 2.9
This reaction occurs via an intermediate SiC gas phase, te:

S0, + C & SiO(g) + CO(R) [2.104]

SO(g) + 2 C & SIiC(s) + CO) [2.10b]

The extent of CO removal by the flowing gas during this stage of carbothermal reduction was
also shown independent of furnace atmosphere (N, or Ar), thus nitridation has not yet started
(Higgins and Hendry 1986). Mullite does not take part in these SiC-forming reactions, with the

concentration remaining constant during this stage of CRN (Mazzoni, Aglietti, e# a/ 1992a).
¢) Nitridation

In the later stages of CRN, incorporation of nitrogen into the system occurs. At this stage, the
mullite reacts with SiC, N, from the furnace atmosphere, and a transient liquid phase
produced from these reagents to form Si-Al-O-N phases such as X-phase and ' (Thomps n
and Hendry 1991).
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3A1,0,28i0,(s) + 4 SiC(s) + 3 C(s) + 5 N, = 2 Si,ALO,N; + 7 CO [2.11]
B-sialon
The ' product from: CRN tends to be ~1pm in size, which is often smaller than the size of

the initial mineral reactants (Mazzoni, Aglietti, ¢/ a/. 1993a; Mazzoni and Aglietti 1998).

2.2.2.3 Parameters Affecting CRN

a) Reaction temperature and time

The majority of studies determined the appropriate reaction temperatute and time for
completion of the CRN reactions by monitoring the CO concentration in the exit gas stream
(Higgins and Hendry 1986). Therefore there has been little explicit investigation of the effects
of changing these variables on CRN product formation. Successful reaction temperatures
ranging from 1250-1500°C have been reported for the CRN of vatious aluminosilicate
minerals (Fabbsri and Dondi 1991), with temperatures between 1400-1500°C and 2 reaction
time of 6-8 houts commonly used for the CRN of kaolinite clay (Mortison, Maher, ¢# o/ 1989;
Edrees and Hendry 1995). Occasionally, reaction times as short as 3 hours were seen to be
sufficient for final product formation (Mazzoni, Agliett, ¢/ a/ 19932), but this is heavily
dependent on sample mass and size, with latger masses requiring longer reaction times
(Antsiferov, Gilev, ¢f al 2000). Excessively high CRN temperatures or extended reaction times

wete found to result in the carbothermal reduction of mullite by SiC to form Al O,, which is

much less effective than $10, in forming §’ (Bartis, Brown, ¢/ af).
b) Carbon source and quantity

Various carbon-based reductants have been investigated, including coal dust, carbon-black,
and SiC (Higgins and Hendry 1986). It was seen that a high level of contact between the
catbonaceous reductant and mineral reagents was the main requirement for effective CRN,
thus the higher specific sutface area of carbon-black produced a faster reaction rate when
compared to both SiC and coal particles (Mazzoni, Aglietti, ¢ 4/ 19932). Although it was
found that carbothermal reduction proceeds mote slowly when using the larger 5:C particles,
the yield of nitride products increased as a result of the intermediate SiO(g) species having

greater opportunity to react with the nitrogen gas (Higgins and Hendry 1987).

It was found that an excess of carbon 10-20% greater than that defined by the stoichiometric
reaction equations was required to maximise the yield of B’ (Mazzom, Aglietti, ¢/ al 1993a;
Higgins and Hendry 1987). This is due to depletion of C via side reactions with impurtties in

the clay, such as iron.
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¢} Nitrogen gas flowrate

In addition to providing reactane N for nitridation, the N, gas flowrate plays an important role
in CRN. The initial carbothermal reduction reactions (Equations 2.9, 2.10a and b) occut via a
gas phase, and are reversible equilibrium reactions that produce CO(g). Accotdingly, the
concentraton of CO(g) must be kept low to keep the reactions proceeding in the forward
direction, ie. to the RHS of the equation. Low N, flow rates were found to result in a buildup
of CO gas that impeded the rate and extent of the CRN reactions, whereas reasonably high
gas flow rates were found to increase the reaction ratcs and nitride formation due to the
continual removal of the gaseous by-products (Mazzoni, Aglietti, ¢# a/ 1993a). The optimum
flowrate was determined to be ~308/hr, but may depend on furnace geometry (Mazzoni,
Aglietts, ef a/ 1992a),

It was also found, however, that there was a deplettion of Si from the system due to the
intermediate SiO(g) being swept away by the N, gas flow (Wild 1975). Evidence of this was
the formation of 8510, whiskers at cooler parts of the tube, and enrichment of the sample in
Al The extent of Si depletion was found to increase with increasing N, gas flowrates (Cho and
Charles 1991b), and was promoted by low C/clay ratios (Mazzoni and Aglietti 1998). Higher
carbon contents provide mote opportunity for the Si to remain in the system, forming the

S1C(s) intermediate phase from the reaction between S:O(g) and C (Equation 2.10b).
d) lmpurities in the starting powders

Clays may contain various impurity elements even after refining, and these impurities can have
a significant effect on CRN. SiO, quartz is a major impur’y in many clay depesits (Grimshaw
1971), and studies of kaolinite clays containing quartz have shown that the quartz does not
participate in the early stage reduction process, remaining unchanged in the system unal the
formation of nitrogenous products starts (Mazzoni, Aglietd, ¢/ 4/ 1992a). It is the more
reactive, amorphous SiO, produced from the dissociation of metakaolin which starts the early
stage reduction to form SiO(g). Free quartz is later incorporated into B’ formation (Mazzoni,
Aglietd, ef al. 1993a).

Iron is often present as Fe, O, in clay minerals, and has been found to catalyse the nitridation
reactions, increasing the formation of nitride products and decreasing the amount of residual
intermediate phases after CRN (Mazzoni, Agliett, e @/ 1993a). This occurs through the
formation of low eutectic temperature Fe-Si kquids at ~1200°C, however the exact

mechanism by which the Fe-Si liquids enhance nitridation is not known. Iron has been seen to
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promote the formation of the SiC intermediate phasc that is used duting the final stage of
CRN to form B’ (Mazzoni, Aglietti, ez a/ 1993a). A study of the enhancement of nitridation by
Fe during the direct nitridation of Si metal for Si,N, production showed that iron also caused
the devitrification of the protective SiO, layer on the Si metal at low oxygen partial pressures
(Boyer and Moulson 1978). This promoted SiO(g) formation at the Si/SiO, interface, theteby
prtomoting nitridation; a threefold increase in Si nitridation rate was detected with very small
iron additions of 55ppm and was associated with the formation of an FeSi, liquid above
1212°C. The catalytic effect of Fe is small compared to the general enhancement of CRN
arising from clay systems that produce significant amounts of liquid from the minesal
decomposition reactions, such as bentonites (Mazzoni and Aglieti 1996). The FeSi
compounds often detected in intermediate stages of the CRN process are found to remain
amongst the final products as hard agglomerates which are detrimental to the mechanical

behaviour of the materials (Mazzoni and Aglietti 1996).

Potassium impurities have been shown to lead to greater formation of the intermediate X-
phase sialon and lower yields of B’ (Higgins and Hendry 1987), whereas calcium and
magnesium impurities can promote the reduction process via the production of fluid eutectic
liquids at the nitriding temperature (Mazzoni and Aglietd 2000). The low vapour pressure of
the alkaline earth oxides such as CaO and MgO results in considerable volatisation at the
CRN temperatures, and it has been reported that these oxides were totally evaporated during
CRN at temperatures ~1400°C (Mazzoni and Aglietts 2000). Titanium was seen to have no
effect on CRN, but was found as TiN in the final products (Fabbri and Dondi 1991).

2.2.3 CRN of Other Aluminosilicates

In addition to kaolinite, various other aluminosilicate materials have also been used for sialon
production via CRN, including pyrophyllite, bentonite, andalusite, pyrophyillite, and diatomite
(Fabbti and Dondi 1991). The wotk by Mazzoni and co-wotkers (1988) has shown that the
reaction mechanism described above for the CRN of kaolinite was common to all the
aluminosilicate minerals studied (Mazzoni and Aglietti 1998). The first reactions are thermal
decomposition of the minerals during heating to produce mullite or glassy phases, depending
on composition. This is followed by the formation of intermediate SiC, which then reacts with
the mullite or glassy phases to produce nitrogenous phases. The exact nature of the
intermediate and final Si-Al-O-N product phases produced from CRN depend on the Al/Si
ratio of the starting mineral. Common products include 8’ and O-sialon from Si-rich minerals,
and AIN-polytypoid phases from Al-rich minerals or from other systems where extensive
SiOfg) loss occurred. Clay mixtures have also been added to SiC grit and reacted via CRN to
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form §', O, and X-sialon bonding phases to produce reaction bonded SiC refractory materials
(Edrees, Holling, ¢ 2/ 1995; White, Ekstrom, ¢ 2/ 1998).

2.2.4 CRN of Waste Materials

Industrial wastes have also been used to produce B-sialons via CRN, such as alumina refining
waste (Cardile 1990), and rice husks (Prasad, Maiti, ¢/ @/). The rice husks {or ‘hulls’) account
for about 23% of the mass of rice before beneficiation and contain significant amounts of
silica in the form of a hydrated amotphous gel, which can be processed via chemical digestion
and pyrolysis to produce an ash consisting of intimately mixed SiO, and catbon, in controlled
ratios. By adding AL,O, powder, a single phase B-sialon with 2=1.3 was prepated after CRN at
1430°C for 16hrs from a composition of 1:0.1: 2.1 §i0,:ALO,:C (Rahman and Saleh 1995).

Fly ash is a waste product from electricity generation in coal power plants, though the term is
sometimes used for municipal incinerator ashes. It is produced in vast quantities wotldwide,
with 150 Mtons produced in 1990 (Gilbert and Mosset 1998). Compositions vary with coal
source and from plant to plant, but generally consist of a mix of fine crystalline and
amotrphous particles <10pum diameter containing 10-30 wt% ALO,, 30-70 wt% Si0,, 5-25
wt% catbon, and small amounts of other elements and minerals. This makes them suitable for
B-sialon manufacture by CRN without additional processing. B-Sialons with z= 2.55 and 2.25
were produced via CRN of 0.5g fly ash pellets at 1500°C after 1hr (Gilbert and Mosset 1998).

The production of Ca-u-sialon from Ca-bearing fly ashes is described in the following section.

2.3 «-Sialon Production via Carbothermal Reduction-
Nitridation

The tequirements for a-sialon formation are more complex than for B, X, or O-sialon due to
the additonal metal cation that is requited to act as the stabilising additive. Therefore
investigations into the a-sialon system have been considerably fewer than for the simpler
sialon phases, with only six major studies performed. A vadety of raw materials and o' systems
were investigated, hence this discussion will present each study individually. The slag used in
the current investigation is rich in CaO and forms Ca-u-sialon, hence the studies dealing with
Ca-o' production are presented first, followed by those dealing with other o' systems. Section
2.3.3 will detail the limited wotk that has been performed on densifying and evaluating the
mechanical properties of the CRN-of material, which is followed by a summary of

experimental findings relevant to the current investigation.
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2.3.1 Ca-a-Sialon via CRN
1.1 of Fi oh-Purii 1w

The very first investigation into using CRN to produce single-phase a-sialon was performed
in Japan in 1988 by Mitomo and co-wotkers (Mitomo, Takeuchi, e/ a/. 1988). In this work the
cost of the powders was not 2 concern; rather, it was desired to minimise the defects and
microstructural  inhomogeneities produced in sintered products that result from
inhomogeneities in the nitride starting powders. Fine, high punty, oxide powders with a
patticle size ~0.1um wete fabricated via the hydrolysis of organic alkoxide precursors such as
tetraethyl orthosilicate and aluminium isopropoxide. Calcium ethoxide and yttrium nitrate
provided stabilising additons for both Ca- and Y-u-sialon formation. The detals of the
hydrolysis reactions will not be presented here, but it should be noted that the oxides were
precipitaied directly onto particles of carbon-black, hence the oxide reactants and the carbon
reductznt wete intimately pre-mixed. The stoichiometric design equation for the overall CRN
reaction is given in Equation 2.12, which was designed to produce 2n m=1.6, n=0.8 Ca-a-

sialon. Carbon equivalent to 1.2 times the calculated stoichiometric amount was used.

0.8Ca0 +92,6810,+ 12 ALO,+ 2283C+ 76 N,—>
CaggSig Al (OpgNysp +22.65 CO [2.12]

Ca-o-sialon was formed between 1350-1450°C, with significant amounts of B-SiN,, a Ca-
containing residual glass, and some AIN also produced. The phase assembly changed with
reaction time; PB-Si,N, dominated the initial products after 0.5 hours at 1450°C, and o
dominated after 1 hour. The small amount of AIN was fully removed after 4 hours of reaction
at 1450°C, however B-Si,N, and the Ca-bearing glass remained among the products even after
16 hours of firing at 1450°C. Heat-treating this CRN powder at an elevated temperature
(1550°C) for 1 hour removed the B-Si;N,, and produced an essentially single-phase Ca-o’
powder (Figure 2.8). This was thought to be due to the higher solubility of Ca in the &' phase
at higher temperature, allowing greater o’ formation via reaction between the B-Si,N;, and Ca-
containing glass. However it is also possible that the o'-forming reaction is kinetically

unfavourable at the jower temperature.

This is the only study on the production of o’ via CRN that identified B-5i;N, rather than a
low z-value P-sialon as a precurser to o’ formation. This identification was based solely on the

XRD results, where it may be difficult to discriminate between B-Si;N, and a very low z-value
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B-sialon with a very low level of Al-O substitudon. It is therefore possible that the §-Si,N,
identified here (Figure 2.82) was actually a low z-value B-sialon.

. 5 ,
(ay - ‘ o o:d-Sialon

 X:8-SigN,

20 25 30 35 40 45
26 ()
Figure 2.8 XRD of CRN-derived Ca-0-sialon powder: (a) CRN powder as f>rmed after 16 hours
at 1450°C, (b) after heat treatment at 1550°C for 1 hour {after Mitomo, Takeuchi, ez.al 1988).

At lower temperatures the intermediate phases detected include the oxide phases -
crystohalite (Si0,) and mullite (3ALO,2Si0,), the oxynitride phase SLN,O, and a
CaO-ALO,-SiO, liquid. It was thought that a-sialon formation would occur via the solution
and reprecipitation of the oxides into the liquid, forming nitrogen-containing phases such as
Si,N,O and B-Si,N, which are then re-dissolved and precipitated as «’. A greater extent of
weight loss was detected than expected from a consideration of the design equation, and this
was attributed to evaporative SiO(g) loss during CRN. The following reaction sequence was

proposed:

Ca0+5i0,+Al,0, —» SiO, + mullite + Ca glass [1200-1250°C]
~> B-Si,N, + a-sialon + Ca liquid [1300°C]
-» a-sialon + $-S,N, + Ca liquid {1350-1450°C]
— o-sialon + Ca liquid [1550°C]
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The Ca-o’ was determined to have an m-value of 1.2, indicating that only ~75% of the CaO
entered the o' structure, with ~25% remaining in the glass. The o particles had a grain size of
0.5-2pm, which was significantly greater than the ~0.1um size of the initial teagent powders,
although it was thought that these may be agglomerates of finer particles.

In the same paper, Y-a' formation was shown to be a more complex process than that of Ca-
o’. More minor product phases were formed in addition to o' at 1450°C, including -Si,N, (or
B-sialon), 15R sialon-polytypoid, and a crystalline Y-containing solid-solution based on
Y,ALO,. Nearly single-phase Y-o' could only be produced by further heating the CRN
powder at 1600°C for 1 hour, but a small amount of B-S5iC was also formed at this
temperature. It was thought that the formation of the Y-containing Y,Al,Oy phase depleted
the liquid of Y,0,, thus hindering the formation of Y-a' at 1450°C and therefore requiring a
higher temperatute to decompose the Y,ALO, and release Y,0, into the liquid for Y-o

formation. The grain size was about the same as that of Ca-ot'.

As the first reported use of CRN to produce a-sialons from oxide starting powders, this study
shed some light on several aspects of the CRN process as it applies to o formation, and
demonstrated that a single-phase o' material could be produced by this process. The CRN
reaction sequence was found to be relatively complex, with several intermediate phases
produced prior to @' formation, occurring via a succession of sohition-precipitation steps
involving the liquid produced by melting of the reactants, and nitrogen from the furnace
atmosphere. Ca-at-sialon formation was found to be somewhat easier than Y-’ formation,
occurring at lower temperatures (1350-1450°C) and with fewer crystalline secondary phases
present, none of which contain the Ca stabilising additive. The final phase assembly is very
dependent on thezrmodynamic factors (ie. reaction temperature), with increased formability of

Ca-a’ seen at elevated temperatures.

2.2.1.2 CRN of Standard I aboratory Reagents

In contrast to the expensive, in-house fabricated powders used by Mitomo and co-workers,
several studies have been performed at the Centre for Technical Ceramics in the Netherlands
using cheaper starting powders for Ca-o’ production via CRN. The first of these involved
using commercial laboratory reagents CaSiO,, ALO;, and SiO, mixed in a ratio designed to

produce o’ with 2 composition of m=1.6 and n=1.2 (van Rutten, Terpstra, ¢ a/ 1995).

Single-phase ' was unable to be produced at 1450°C, where even after 14 hours of firing the

products contained significant amounts of B-siaion and a small amount of amorphous glass in
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addition to «'. The onset of a-siaslon formation occurred after 6 hours of reaction at 1450°C,
with shorter reaction times and/or lower temperatures (1350°C) producing higher amounts of

B-sialon, 8i0,, and §i,N,O as intermediate phases.

A maximum o' /B’ ratio of 0.49 was determined for samples fired at 1450°C for 7.5 hours, as
estimated from the XRD peak heights of the o’ and B’ peaks. Using a higher CRN reaction
temperature of 1500°C increased the yield of o to >95%, demonstrating that a single-stage
CRN process can generate single-phase o'. However, this level of o’ form: ion required firing

for the very long time of 65 hours, which may be impractical for commercial production.

A two-stage firing process similar to that seen in the study vy Mitomo and co-wotkets, was
also able to produce an essentially single-phase o’ powder by re-firing (ie. heat-treating) the o'-
containing CRN powder at higher temperatures. The yield of &’ increased with increasing
heat-treatment temperature, reaching a maximum of >95% o at 1700°, but this effect was
only produced in CRN powders that were milled and re-pressed into pellets before heat-
treatment. No such improvement in the o content was produced in CRN derived o' /B’
powders that were heat-treated without prior milling of the powder; instead a decrease in o
content was experienced, with no explanaton given for this behaviour. In experiments where
the CRN reactions were incomplete and contained little or no o' formation, the presence of
free carbon was seen to produce SiC as the main product phase when heat-treating at
temperatures 1650° or higher. This result indicates thai thete is 2 maximum temperature for
CRN above which the thermodynamics of the system are such that nitride (le. sialon)

formation becomes less favourable than carbide (5iC) formation.

Nitrogen flowzate was also observed to influence the extent of &’ formation in this system;
5£/hr through 25mm diameter tube was found to be too low and produced Si,N,O rather
than the higher N-containing o~ or B-sialon phases. A flowrate of 12€/hr was adequate for
reaction at 1450°C, however a higher flowrate of 30£/hr was required when finng larger
samples (200g pellets) in a furnace fitted with a larger tube of 50mm diameter. This suggests
that the flux of N, experienced by the sample is an important parameter for CRN, and wili
depend on both furnace and specimen geometry.

The Ca-o powder produced from a single-stage CRN reaction: at 1500°C had an agglomerate
size of ~5-8um, and that of the refired powder was larger, ~10-20um. The size of individual

particles was not determuned.
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The CRN reaction mechanism was investigated and it was found that 2 significant amount of
amorphous phase (ie. liquid) is present at the start of CRN. Intermediate crystalline products
include low z-value B-stalons (2<1.2), Si,N,O or the related O-sialon (8i, Al O,, N, ) and SiC;
no crystalline Ca-containing intermediate phases were detected. During reaction at 1500°C the
first sialon products were formed after only 2 short time (~100mins), and the composition
was dominated by [, which was converted to a2 90 wt% o', 10 wt% §' product after
~240mins. Quantification of the N-content of the system via a wet chemistry process showed
that almost the entire quantity of N as predicted from the stoichiometric reactions (35.0 wt%)
was incorporated into the system at early stages of CRN, when the concentration of o was
still low (40 wt%). This shows that most of the nitrogen required for continued Ca-o'

formation is already available in the sample.

The following reaction mechanism was ptoposed by the authors: a liquid phase is produced at
the CRN temperature from the molten reactants, and CRN reactions between this liquid and
the N, gas cause the precipitation of 2 low z-value B-sialon (Equation 2.13a). The extra Ca and
N required for Ca-a-sizlon formaton is incorporated via a second CRN step, probably

involving reactions between the Ca-containing liquid and P-sialon (Equation 2.13b).
4.6 Si0, + 0.7 ALO, + 9.9 C + 3.3 N, = Si (AL ,O, N+ 9.9 CO [2.13a)

0.8 CaO + 2 Si, Al O, N, + 2.4 C +0.8 N, = Cay,Sig Al OpsNys, + 24 CO  [2.13b)

The convetsion of the o /B’ powder to o when refired at higher temperatures was thought to
occur via a reaction between the Ca-containing liquid and the B-sialon, similar to the process

occurring during reaction sintering, and not involving any further N incorporation.

These equations describe the general CRN process, but do not show any details regarding the
intermediate solution-precipitaton reactions that were observed, nor do they account for
deviations from the ideal stoichiometry of the phases formed in the CRN powders. Both the
Ca-a’ and the P’ phases had m- and z-values, respectively, that were lower than those

predicted from the ideal reaction equations.

The most significant finding from this paper is that a single-phase o’ product could be formed
from a single-stage CRN reaction at higher CRN temperatures, though this may require a long

reaction time. It was also shown that incotporation of nitrogen into the system occutred vety

quickly during the early - :ages of CRIN.
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2.3.1.3 Hollow Ball Formation pta CRIN of Standard _I,Abomfgg_;z &agegt;

A vovel result was found in another investigation into the CRN of standard laboratory

reagents by Hotta and co-workers at Yokohama University in Japan. Standard laboratory-
grade reagents 510,, Al,O,, CaCO,, and carbon-black wete reacted for just 2 hours at 1450°C
under N, flowing at 30€/hr through an 80mm diameter tube. The composition was designed
to produce an m=2.0, n=1 Ca-a-sialon (Ca, (Si, ,Al, ;O, ;N5 ), and 120% of the stoichiometric
carbon requirement was used (Hotta, Tatami, ¢ a/. 2002).

The final product contained 85 wt% Ca-a-sialon and 15 wt% AIN. The powder particles were
extremely fine, ~30-50nm in diameter, and formed agglomerates with the unique morphology
of large, hollow balls, 200-500um diameter (Figure 2.9). These nanoparticles were formed
from standard laboratory reagents that were not especially fine; for example the SiO, had a
mean particle size of ~0.6um. Changing the form of the SiO, reactant did not alter the
morphology of the CRN-o' formed; both ultrafine, 0.005-0.05um amotphous SiO,, and
coarse, >10um crystalline SiO, powders produced essentially the same results (Hotta, Tatami,
ot al. 2002).

Figuve 2.9 Hollow balls of Ca-a-sialon (85 wt%) and AIN (15 wt%) (after Hotta er al. 2002).

Further analysis of these powdets was performed via TEM in collaboration with this author. It
was found that by the time the CRN temperature of 1450°C is reached, the components have
melted to form solid balls of amorphous Si-Al-Ca-O-N glass, similar in size to that of the final
hollow-balls. The reason for the glass forming with this spherical motphology was attributed

to surface tension interactions with the carbon-black particles. CRN was found to operate
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from the outside—>inwards; the first crystalline products form at the surface of the solid balls
in contact with the cartbon and nitrogen, and these have a smaller volume (higher density) than

the glass, causing shrinkage and cracking which then exposes the interior to further reaction.

This novel morphology may allow for new applications such as filters or catalyst substrates to
be developed for o', or the hollow balls could be broken down to produce nano-sized Ca-o’
powder for further sintering. A discussion regarding the sintering of this powder is presented
in Section 2.3.3.2.

2.3.14 CRN of Fly Ash Waste

In the Nethetlands, fly ash waste has been successfully used as an even cheaper starting
powder than laboratory reagents for both §’ and o’ production via CRN. Fly ashes were
described previously in Section 2.2.4, and are a by-product of coal combustion for energy
production. The first investigation into the CRN of fly ash was performed by Metselaar and
co-workers, using a high-carbon grade (8 wt% C) fly ash consisting of 54 wt% 5i0,, 28 wt%
ALO,, 5 wt% Fe,0,, and 5 wt% CaQ. The crystalline phases mullite (3A1,0,°2810;) |
quartz (5i0,) wese detected in the fly ash via XRD. Additional carbon was added to the fly ash
before reaction at 1500°C Metselaar, Exalto, ¢ al. 1996).

CRN process of the fly ash was seen to operate by the same two-stage process identified by
Van Rutten and co-workers for the CRN of laboratory reagents (Equations 2.13a and b
above); B-sialon was produced in large quantties in the early stages of CRN, and increasing
the reaction time increased the o' /B’ ratio of the final products (Figure 2.10). After reaction at
1500°C for 25 hours a maximum of 65 wt% Ca-o was formed, with the remainder
comprising of 15 wt% ', and 10 wt% each of the 12H and 21R polytypoids. The m-value of

the o was m=1.8, and the z-value of the f’ was z=1.4.

Kudyba-Jansen and co-workers further expanded on this study and used five different fly
ashes to produce a- and B-sialons via CRN (Kudyba-Jansen, Hintzen, ef a/. 2001). Four of the
five fly ashes were similar in composition and characteristics to the fly ash first used by
Metselaar, described above. Consideration of the quantity of Ca, Al, and Si in these fly ashes
placed them outside the single-phase &' region of the phase diagram, thereby predicting the
formation of at least one other phase in equilibsium with Ca-a'. The other fly ash was sicher in
Si and lower in Al, and corresponded to the single-phzse @' region of the phase diagram, thus
predicting the equilibrium product to be single-phase Ca-'.
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Figute 2.10 Phase formation as a function of reaction time at 1500°C during the CKN formation
of Ca-a' from fly ash (after Metselaar, Exalto, et al. 1996).

The target Ca-0." compositions were based on the Ca:AkLSi ratios of the individual fly ashes,
and stoichiometric equations were developed for each fly ash as _er Equations 2.13a and b.
The fly ash predicted to form single-phase o' did not, with only 8 wt% o' (estimated from
XRD peak height ratios} formed after 25 hours of reaction at 1500°C. The remainder was ('
with minor amounts of 12H, 21R, FeSi, and Fe,0,also ptesént. It was postulated that a
longer reaction time would be required to inctease the yield of o' in this system, but no
explanation was given regarding why the rate of o’ formation was slower using this fly ash

compated to all of the others.

Three of the other fly ashes were fired for 25 hours at 1500°C and produced powdets with an
a-sialon content between 51 and 64 wt%, with B-sialon being the main secondary phase. The
firing ime of one of the fly ashes that produced 51 wt% a' was extended to 50 hours, and this
significandy increased the o'/B’ rato such that ¢ was now the dominant phase. This
composition lies very close to the border of the single-phase a' region, Zence was predicted
from a thermodynamic equilibdum viewpoint to form a highly &' product. The dependence
on o' yield with reaction time shows that the reaction kinetics have a limiting effect on the
ability of the thermodynamic equilibrium phases to be produced. If the reaction rate is too

slow, the time required for high levels of a’ formation may be too long to be practical.

A process was investigated for the removal of Fe-based impurities from the CRN powder

before densification. As discussed in Section 2.2.2.3, Fe,O, impurities in the starting powders
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form FeSi, phases which are detrimental to mechanical properties. A simple magnetc
separation process was shown to be 90% effective in temoving these impurities, and
considerably less environmentally damaging and less complicated than an alternative process
involving washing in an 18% hydrochlosic acid solution. The other low-level impurities in the
fiy ash such as oxides of K, Ti, Mg, P, Na and S, were not explicitly investigated in this study,
but were assumed to be lost through volatisaton during CRN, ot during a 750°C heat-

treatment prior to batch mixing.

These studies have shown that it is possible to use an industrial waste by-product (fly ash) to
produce o-sialon via CRN. The final phases formed are clearly dependent on initial
composition, reaction temperature, and time, with long reacton times up to 50 hours required
o obtain a fully &' product with only minor residual amounts of B’ and polytypoid phases.
Magnetic separation was shown to be effective in removing Fe-based impurities from the

CRN powder.

2.3.2 Other a-Sialon Systems
2.3.2.1 Y-a-Sialon From Halloysite Cl

The production of Y-o’ sialons via CRN was first performed in the study by Mitomo and co-
workers (1988) from very fine, high purity oxide starting powders, and the resuits wete briefly
discussed in Section 2.3.1.1. Ekstrom and co-workers have since produced Y-a-sialons via
CRN of mixtures of a New Zealand halloysite clay (AlSi,0,(OH),), laboratory-grade Y,0,
powdet, and laboratoty-grade S10, or St metal additions (Ekstrom, Shen, ¢/ a/. 1998).

‘The Si metal or Si0, additions were used to boost the Si content from 1:1 Si:Al in the clay to
~81 Si:Al as needed for sialon formation, and both additives produced the same CRN
reaction products after reaction at 1475°C for 8 hours as detected via XRD: B-sialon (z=~0.4),
Y,SigN,, o-sialon, and a small amount of amorphous glass. In the absence of any indication of
quantities, it is assamed that these phases are listed in decreasing order of intensity; hence this
system was not particulatly successful at producing o’ via CRN. The lack of o’ was attributed
to the formation of a Y-bearing crystalline phase (Y,SiN,,), which, as in the study by Mitomo
and co-workers, was seen to limit the extent of o’ formation due to removal of the Y** cations

needed to stabilise ¢’.

Although the XRD analysis of the crystalline CRN products showed that the same phase
assembly was produced regardless of the type of Si addition (SiO, or Si metal), ¥Si NMR

analysis revealed that amorphous Si-C was present within the amotphous phase of both types
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of sample. SiC is produced by the carbothermal reduction of SiO, present in the starting

composition (Equation 2.9), and the SiO,-based compositions thercfore had both a much
higher glass content, and a higher proportion of $i~C bonds within the glass, relative to Si-N

bonds. Si—~N bonds represent both a- and f- sialon it is not possible to discriminate between
them using Si NMR), and the Si metal based samples which contained only a low level of
Si0, from the clay contained a much higher proportion of Si—N bonds within the amorphous
phase.

Hot-pressing at 1800°C further highlighted the differences between the two types of sample,
with WRD detecting crystalline phases that precipitated from the previously invisible
amorphous phase. Most notably, nanocrystalline SiC was precipitated in all samples, with the
large quantity of amorphous Si~C bonds discovered in the SiO,-based compositions tesulting
in bulk materials dominated by SiC rather than sialon. «-Sialon was the dominant phase
produced in the Si-based samples after hot-pressing, with B-sialon and small amounts of
polytypoid phases 21R and 12H as secondary phases. The higher extent of sialon formation in
the Si metal based samples was a consequence of the higher extent of Si~-N bonds present in

the amorphous phase.

The higher content of residual glass in the SiO,-based samples aided sintering of the CRN
powder, and these samples generally had a higher density than the Si metal-based
compositions. Increasing the m- and n-value of the design composition (increasing Y,O, and
ALO;) also Lelped improve the hot-pressed density due to the formation of a larger amournt

of glass, which was aided by the release of additional ytttium via decomposition of Y,SiN,,.

Although little detailed information was given regarding the CRN reaction process, this study
docs present some findings that may be relevant to the current investigation. Firstly, if the
composition of the oxide must be adjusted to meet the needs for a-sialon production, the :
type of additive (ie. pure meta) or oxide) will have a significant effect on the CRN process and
resultant products. In this case, SiO, additions were carbothermally reduced to form SiC, |
which reduced the amount of a-sialon formed. Secondly, amorphous SiC may be formed
which is undetectable in the XRD, but which may influence the behaviour of the CRN
products during processing and produce crystalline SiC in the final products. Thirdly, further

processing of the CRN powder at elevated temperatures may introduce phase changes due to

metastability of the CRN-derived phases. However, it should be noted that the phase changes
observed here, such as dissolution of Y,SigN,,, may not accurately reflect the processes during

sintering of CRN-derived Ca-a' powders due to the lack of an equivalent Ca-containing ‘
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crystalline phase. Some mechanical properties of the densified material are discussed in

Section 2.3.3.3,

Mpg-a.-sialons have been produced by Zhang and co-workers at Yokohama University, Japan,
in collaboration with Monash University, using mixtures of cheap mineral talc
(Mgy(51,0,),(OH),) and halloysite clay (ALSi,O;(OH),) (Zhang, Komeya, ¢/ o/ 2000). Mg-o-
sialon has a much lower formability than Ca-, Y-, or RE-¢, and pure Mg-&t’ has not been
obtained by conventional sintering methods. CRN was seen as a potential way to overcome

this difficulty and use cheap starting materials at the same time.

Various mixtutes of talc, halloysite clay, carbon, and 1-5 wt% Si,N, seeds were reacted at
1450°C for 6 hours under flowing N,. The initial talciclay ratio was the main control vanable
in this study, and it was determined that a 1.5:1 ratio was the optimum composttion,
ptoducing the highest Mg-ot-sialon content of ~35 wt%. B-Sialon was the dominant phase
produced in this powder, and minor amounts of 15R polytypoid, and SiC were also present.
The o' grains were 1um in diameter and generally equiaxed. It was found that the o’ content
of this composition could be considerably boosted by the addition of ~3 wt% Si,N, seeds,

which increased the o' content >90 wt% (Figure 2.11).
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Figure 2.1t Effect of Si;N; seeds on Mg-ot’' formation via CRN of talc and halloysite clay (after
Zhang, Komeya, et al. 2000).

o-Si,N, seed particles were seen in Section 2.2.1 to promote the preferential nucleation of a-

Si,N, during the CRN of SiO,, by reducing the energy required for nucleation and growth
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through the provision of pre-existing nuclei. A similar process was thought to occur in this

system, despitc the slightly larger unit cell of a-sialon compared to a-8i,N,.

The CRN reaction process was found to consist of 4 main stages: 1) low temperature phase
transformations in the mineral components, such as decomposition of the talc and clay to
siicates and silica; 2) initial incorporation of nitrogen into the system at ~1300°C by reaction
of Si0, with C and N, to form Si,N,O; 3) melting of the components at 1400°C to form a
Mg-Al-51-O-N liquid and carly-stage CRN to form intermediate phases such as SiC, MgSiN,,
X-phase (51,A1,0,,N,), and CO(g); and 4) late-stage CRN at 1450°C involving conversion of
the Liquid and intermediate phases into §-sialon, Mg-o-sialon, and 15R polytypoid.

More work was performed in this system by Qiu and co-workets, who investigated the role of
carbon content, composition, and firing temperature (Qiu, Tatani, ef 2/ 2002). It was seen
here that too much carbon was detrimental to o' production; the highest yield of Mg-o' was
obtained from the composition using the exact stoichiometric quantity of catbon. Boosting
the carbon content by an additional 50% produced large amounts of SiC whiskers at the
expense of Mg-a’, and the Mg-a’ formed had very irregular morphologies. This was attributed
to the carbon forming a thick layer over the talc and clay particles, which boosted the CO(g)
pattial pressure to favour the production of SiC via the carbothenmal reduciion of $iO(g)

(Equations 2.10a and b), and sunultaneously hindered access to the nitrogen gas.

Another significant finding was that a large amount of Mg was lost during CRN, requiring the
use of high talc contents 1.5:1 talciclay (molar ratio) or higher to provide sufficient Mg for
Mg-o formation. The loss of Mg may occur via carbon induced reduction of MgQO or MgSiO,
to Mg(g), or by the decomposition of the MgSilN, intermediate phase above 1400°C. The low
boiling point of Mg (~1170°C) allows any Mg(g) to be easily swept away by the flowing gas
stream. Some of the Mg will also be consumed by a small amount of glass phase likely to be
present. In fact, this depletion of Mg may be responsible for the previous finding that low
carbon levels (100% of the stoichiometric amount) are better for o’ formation than when an
excess of C is present; extensive Mg loss will enrich the system in Si, thus contributing to
preferential SiC formation instead of a'. This was not seen to be a ptoblem in the Ca- or Y-

sialon systems discussed above, where no loss of the stabilising cation was detected.

Raising the CRN temperature from 1450°C to 1480°C was seen to improve the yield of o,
however further increasing ihe reaction temperature to 1500°C produced an increase in -

sialon and AIN content. This was thought to be due to instability of the o’ phase when the
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liquid becomes oversaturated with nitrogen, decomposing via the a'—f' transformation into

the more nitrogen-rich phases §§’ and AIN.

The most significant finding from this study is the effectiveness of the incorporation of a few
percent a-Si,N, seeds in promoting o' formation in the system. More generally, it is clear that
the CRN of natural minerals can be used to produce essentially single-phase Mg-ai' via CRN,

where such materials cannot be produced via conventional methods.

2.3.3 Densification and Mechanical Properties of CRN-a-Sialon

Most of the studies discussed above were focused on analysing the CRN reaction process and
the factors affecting the formation of the final product phases. Only a few of these studies
went further and produced bulk materals from the CRN-a' powder and examined their
mechanical properties. The work that has been performed in this arena is summarised in this

section.

2.3.3.1 Ca-a-Sialons Derived From I aboratory Chemicals

The sintering behaviour of CRN-a' powders produced from laboratory chemicals was

investigated by Van Rutten and co-workers (van Rutten, Hintzen, ¢z 2/ 2001). It was found
that the CRN-a' powder was unable to be densified without the use of sintering additives,
with a maximum density of only 68% of the theotetical density achieved using pressureless
sintering. Removal of the tesidual carbon before sintering and the addition of 15 wt% CaQ as

a sintering additive was required to produce >95% density. The density could be increased

further to ~97% (3.11g/cm’) when using hot-pressing and a protective powder bed to prevent

sample decomposition.

Dilatometry experiments were petformed to determine the shrinkage curves duting sinteting.
The overall shape of the curve was similar to that observed in reaction-sintered systems. It was
found that the CRN-a’ powder first produced a eutectic liquid at the same temperature
(~1350°C) as reactdon sintered materials, which is due to the same liquid being produced from
the Ca-O and Al-Si-O compounds present on the surface of both types of starting material.
However, wetting of the sialon starting material (which induces solution-precipitation) took
place in the CRN-a’ material at a significantly higher temperature (~1500-1550°C) compared
to ~1450°C for SN, material. Unidentified events in the dilatometry curves indicate that
some unidentfied intermediate phase(s) may also dissolve during sintering, a feature also

found in reaction sintering systems.
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The potential for slip-casting Ca-o-sialon powders prepared by CRN has been investigated in
detail by Kudyba-Jansen and co-workers (Kudyba, Almeida, ¢z ol 1997; Kudyba-Jansen,
Hintzen, ¢ 4/ 2001; Kudyba-Jansen, Almeida, &7 @/ 1999). These studies have focused on
examining the aqueous suspension characteristics and evaluating various particle and
suspension characterisation methods. The best conditions for slip-casting CRN-a' powders
(lowest viscosity, lowest sediment volume, largest zeta potential) were found to occur at a pH
of 10-11 with a solid loading of 60 wt%. It was seen that the addition of 0.3 wt% deflocculant
was beneficial to achieving suspensions of Ca-&' that behaved nearly identically to suspensions
of CRN-derived §' (to which deflocculant was also added). However, despite this considerable
amount of preparatory work, no experiments detailing the slip-casting and densification of the
CRN-o' material have been reported. The single-phase B’ powders produced from fly ash have
been slip-cast and were shown to produce the same final density after pressureless sintering as
pellets cold isostatically pressed (CIP-ed) at 250 MPa (Kudyba-Jansen, Hintzen, 7 4l 2001).
This suggests that slip-casting may also be an effective green-body forming mechanism for

CRN-derived o’ powders.

The fly ash-derived Ca-a' powder has not been densified into Ca-o' bulk materials, perhaps
because of the low o’ content of these o /B’ powders (51-64 wt%) (Kudyba-Jansen, Hintzen,
et al. 2001). One sintering experiment designed to produce an a'/p’ composite material was
petformed, but only included a small amount (22.5 wi%) of the /P’ fly ash-derived CRN
powder, with the remainder being Si,N, (67.5 wt%) and CaO (10 wi%). After firing, this
sample was largely Ca-o'; however this o’ was formed via reaction between the 5{;N, and CaO
additives, and therefore does not represent a CRN-o' material. No explanation is given as to

why the o' /B’ CRN powder was not attempted to be densified on its own.

2.3.3.2 Nano-Sived Ca-a-Sialons Derived from oratory Chemitcals

Densification of the nano-sized Ca-o’ powder was petformed by Tatami and co-workers after
hand grinding the hollow balls in 2 mortar and pestle to sepatate the nano-powder particles
(Tatami, Iguchi, es 4. 2003). Gas pressure sintering (GPS) and spark plasma sintering (SPS)
were both performed, however no densification was achieved using GPS at 1800°C, 0.9 MPa
N,. SPS at 1700°C with a 20 minute soak time produced a material with 99.2% theoretical
density and no changes to the phase assembly. Very little grain growth was detected; the
calculated particle size was 27nm before SPS and 34nm afterwards. A grain boundary glass is
usually present in all a-sialon materials, however no evidence of any grain boundary glass was

detected via TEM analysis of this material. The reasons for this were not cleatly understood,
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but attributed to either the unique properties of the nano-sized particles or the unconventional

sintering processes occurring during sintering via the SPS technique.

The nano-sized Ca-a-sialon material densified using SPS at 1700°C was seen to have a Vickers
hardness of ~18 GPa, and a fracture toughness of 3.3 MPam”, The fracture toughness is a
litde lower than that commonly seen for Ca-a' materials, but is not outside the lower limit
expected for fine-grained, equiaxed ceramics (Cao and Metselaar 1991). The results of 3-point
bending tests showed that the mean bending strength of the material was 700 MPa, and with
careful control over machining it was thought that this can be significantly improved. The
wear rate determined using a ball on disk method showed that the wear rate of the Ca-a-sialon
disk was only marginally higher than for a commercial Si;N, wear materal. The nano-Ca-ot-
sialon material also displayed a lower corrosive weight loss when placed in 5 wt% sulfuric acid
for 80 hours, than the commercial Si;N, material. The low cotrosive weight may be due to the
lack of a grain boundary glass, which is more readily corroded than crystaliine material
Overall, it can be said that this CRN material displayed very good mechanical properties.

The hardness and fracture toughness of the highest density materials hot-pressed at 1800°C
from the Y-a-containing powders produced via the CRN of halloysite clay were determined to
be 17.6-19.9 G2 and ~3.0 MPam”, respectively (Ekstrom, Shen, ¢z @/ 1998). These valucs are

compazable to convennonal Y-a-sialon ceramics (Cao and Metselaar 1991).

2.3.4 Summary

a-Sialons have been successfully produced via CRN from a variety of oxide raw materials,
both pure and impure. Table 2.1 lists the most successful process conditions for producing «-
sialons via CRN from the studies discussed above. The study by Ekstrom and co-workers on
the CRN of halloysite clay is not included, because CRN did not directly produce a high yield
of Y-o.-stalon.

a-Sialon formation has tended to occur at a temperature between 1450 and 1500°C, and has
generally required between 4 to 25 hours for reaction. A nitrogen flowrate of 30€/hr ot
greater was commonly used, though the optimum flowrate may depend on the diameter of the
furnace tube and the size of the specimen. Several CRN studies used a slight excess of carbon
up to 1.2 times the predicted stoichiometric amount, which was a feature seen to be useful
from work on the CRN formation of a-Si,N, and pP-sialon powders. Only one study analysed

the effects of carbon concentration, and found that in the case of Mg-o’ production from talc
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and halloysite clay the exact stoichiometric amount was most favouzable (Qiu, Tatami, ¢f 4/
2002).

Table 2.1 Summary of successful conditions for producing a-sialon via CRN of
various raw materials

. CRN CRN
CRN raw material | Sample Temp | Time N, flowrate | Main CRN intermediate
Size P Products CRN Ph:
(Study authors) i S (hrs) & Carbon rogu ases
1ab No=? Ca.t-sialon Si0
ab reagents 2= 85 wi%), 10
) 0.5g 1450 16 ( ) ) mullite
(Mitomo ¢ al)* C=120% B-SisN+ /(B9 8i:N20
Si0,
=12 . '
laboratory reagents 10ecd 1500 " Nz = 12.5¢/hr Ca-t-sialon SiNL0/0O
an Rutten ef af) = 100% (>95%), B-sialon
v €= 100% 12H, 21R
laboratory reagents N> = 30¢/hr Ca-t-sialon
? 1450 2 (85 wi%a), SN0
(Hotta et al) C=120% AIN
fly ash waste N, = 358/hr Ca-a-sialon dal
30-300g | 1500 258 (51-64 wt%),* 12-1-1 2“;‘;{
(Kudyba-Jansen ef al)) C = 100% B-sialon i
i i SizN20
haﬂoys::iecclay & N = 42¢/hr Mgba\:;lon Sic
> 1475 4 (00 wt%), MgSiN;
. C = 100% ) X-phase
{Qiu er al) 15R, SiC B-sialon

* These results are for the Ca-a-sialon system

7 = not specified.

¢ Percentage a5 a function of the stoichiometric amount of carbon defined by the proposed CRN equations.
4 Extending the time to 50 hours boosted the o content to >90%.

Other significant findiags include:

* The amount of Ca-a' formed is highly dependent on both thermodynamics (reaction
temperature) and reaction kinetics (ttme). In some systems, increasing the CRN
temperature from 1450°C increased the yield of «', however SiC starts to be a
thermodynamically favourable CRN product at ~1500-1550°C. Reaction for longer
times, or a two-stage process of CRN at 1450°C followed by heat-treating the CRN

powder at a higher temperature, can improve the yield of o',

® The CRN reaction process is seen to involve a2 complex seties of solution-precipitation

steps involving liquid formed from the molten reactants. Oxide 2nd oxynitride phases
39




Chapter 2 Literatura Review

such as 8i,N,O or O-sialon, AlN-polytypoids and B-sialon are the first phases to form,
followed by «'. The o’-plane from the phase behaviour diagram (Figute 2.4) shows
that B’ and AIN/AIN-polytypoid phases can exist in equilibrium with o', and these
phases are commonly seen to be secondary phases emaining in equilibrium with the

o' product after CRN.

e Fly ash wastes were not as effective as laboratory-grade reagents in forming singie-
phase Ca-a-sialon. The yield of o’ from fly ash may be increased by heat-treating the

powders at tempetatures above 1500°C,

® Seeding the sample with a few percent Si;N, seeds may significantly increase the yield

of o' produced.

¢ No real attempt has been made to densify the CRN-o' powders and evaluate their

mechanical properties.

2.4 Slag-Based o-Sialons

Steelmaking slag is an inexpensive raw material suitable for a-sialon production via CRN. It
generally has a composition rich in CaO, 8i0,, and ALO,, which are all Ca-a-sialon forming
compounds. Slag is formed duting the reduction of iror. ore to metallic iron. Limestone
CaCQ,) is added to the biast fumace o act as a flux to combine with impurities in the iton
ore; it decomposes above ~850°C to form CaQ, which then teacts with impurities such as
$i0,, ALO,, and MnO to form slag. The molten iron and slag are tapped off separately, and
the slag is quenched and crushed (McTigue 1982). Approximately 300kg of slag is formed for
every ton of steel produced in blast furnace in Australia, which presents a significant storage
problem (ASA 2003). The slag is generally piled up in ‘slagheaps’, which are potentially
hazardous to the local environment through dispersal of fine particles by wind, or leaching of
compounds into the soil and groundwater. Slagheaps also require considerable financial

mnvestment in land and facilities for storage and handling.

Currently, vitrified slag is most commonly used in low value-added applications such as an
additive in concrete, or as a filler and stabiliser in roads and pavements (ASA 2003). More
recently, there has been some research effort aimed at finding more value-added applications,
such as glazes for commodity wall and floor tiles for the building industry (Ghosh, Das, e 4/
2002; Pioro and Pioro 2003). The potential for converting this slag into an even higher value-

added engineering ceramic, may present both economic and environmental advantages.
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The following section presents the results of a preliminary study on the production of a-sialon
from slag via CRN, followed by a description of a recent development that produces a-sialons

from slag via a rapid combustion process.

2.4.1 Preliminary Work on the CRIN formation of Ca-a-Sialon from Slag

A preliminary study was performed in 1997 by David Walker, a final year undergraduate
student at the School of Physics and Materials Engineering at Monash University (formerly
the Department of Materials Engineering) to establish the feasibility of producing «-sialon
from slag via CRN. Little detailed information regarding the CRN process was produced from
this study, with much of the attention focused on overcoming various difficulties encountered
with the operation of the reaction furnaces and specimen preparation techniques. Eventually a
predominantly Ca-a-stalon powder was successfully produced, and some basic conditons for

success wete identified which have informed the cutrent investigation, and are described here

(Walker 1997).

Due to the slag being CaO-rich and thus not containing a high enough proportion of 5i or Al
for a-sialon, a kaolinite clay (54 wt% SiO, 45 wt% ALO,) was added to adjust the
composition to more closely match that required for «-sialon production. A two-stage process
based on Equations 2.13a and b, was assumed to occur, and balanced stoichiometric equations
were developed to produce a Ca-w-sialon with a predicted m=3.6, n=1.8. Finng was
petformed at 1450°C for 12 hours under vadous N, flowrates. The main findings from this

study were:

¢ a-Sialon containing powders could be produced from the slag and clay mixtures,
however large amounts of secondary phases remained in the products. These were
designated *-phase {erroneously identified as CaAlSi,N,) and A-phase, which

remained unidentified.

¢ Carbon in excess of that required to balance the assurned reaction stoichiometry was
required to increase the yield of w-sialon, with 25 wi% of the overall batch mix

deemed optimum.

o Nitrogen penetration of the pellets was important. High flow-rates of 30¢/hr were
most favourable to a-sialon formation, and reducing the density of the powder

compact by not using polymeric binder appeared to increase the yield of a-sialon.
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® The addition of ~10 wt% Si,N, powder to seed the samples increased the proportion

of a-sialon at the expense of the ¥and A impurity phases.

The preliminary study proved that the production of o from slag is feasible, however only
one composition was investigated, and no detailed information regarding the reaction process

was obtained.

2.4.2 SHS of Slag to Form a-Sialon

A recent advance while undertaking this project has been the use of self-propagating high-
temperature synthesis (SHS) to form a-sialon from slag. This work was performed by Chen
and co-workers at the Shanghai Instiute of Cetamics, in collaboration with Monash
University (Chen, Wang, ¢f al. 2002). For the SHS process, slag was mixed with pure Al and St
metal powders to both adjust the composition and provide fuel for the reaction. The mixture
was placed in a graphite crucible with a layer of Ti metal powder placed on the top, which was
then placed in a sealed vessel under a high pressure (50 MPa) of N,. A tungsten coil was used
to ignite the Ti powder and induce the Al and 5i metal powders to violently combust, starting
an exothermic, self-sustaining reaction that reached over 2000°C and proceeded through the

powder compact in seconds. The overall equation describing this process is:

0.71 CaO +0.23 MgO +9.18 51 +2.82 Al + 7.53 N —
Cag 11Mgo 2515, 158A)3:0568N15.06 (2.14]

SHS produced essentially pure, single-phase a-sialon, but with a considerably non-uniform
morphology and particle size ranging from fine, submicron grains to large, 10pum irregular
particles. Such inhomogeneity was a result of the very rapid and complex gas-phase reactions
that occur during SHS. Both Ca*" and Mg®* cations were found to be stabilising the single-
phase o product, a fearure difficult to obtain via reaction sintering or CRN, but which was
assisted here by the very high temperatare (>2000°C) providing greater diffustvity to the gas-
phase and liquid-phase reactants. A small amount of glass was also expected to be present in

the products.

The very rapid, high-temperature process produced an o product that was metastable and
underwent phase transformations during sintering (Jin and Guo 2003). The SHS-a' powder
partially decomposed to B-sialon and glass when hot-pressed at temperatures >1450°C. The
extent of decomposition, however, was found to be less than that for (Ca,Mg)-a-sialons

produced via the SHS of laboratory reagents (510,, CaO, MgO etc). The addition of 10 wt%
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slag or CaCO, to the SHS powder as a sintering aid provided glass-forming species to the

system, thereby prevented the o' froin decomposing into glass and B-sialon.

The SHS process offers some potential advantages over CRIN: it is a fast, high-volume, low
encrgy process; contaminants may be volatised by the high temperatures produced; and a
single-phase o’ material may be formed where it was not possible using conventional sintering,
However, this process is very difficult to control due to the highly exothermic nature of the
reaction and the extremely rapid reaction rate. The main parameters for process control are
compositional, and duc to the dual role of the Al and Si metal powder in providing fuel for
combustion and providing the species for a-sialon production, the range of compositions able
to be fabricated by this method will be limited by the SHS process requirements. The wide
inhomogeneity of the o’ powder, the metastability of the a-sialon formed and the need to use
a sintering aid for densification introduces additional complerity to the production of

homogenous, stable, bulk materials from this powdet.

Despite the longer reaction times, the CRN process may afford a much higher degree of
process control, allow a broader range of starting materials and compositions to be used for o
production, and produce stable c-sialon powders that do not decompose during sintering.
Therefore a detailed investigation into the production of o from slag and clay mixtures is
warranted, investigating not only the o'-forming CRN reaction processes but also the
fabtication and evaluation of bulk materials from this CRN-o' powder, Thi, is the aim of this

thesis.
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Experimental Procedure

This chapter describes the expetimental procedures used during the work undertaken for this
thesis, The specifications of the raw materials are given in Section 3.1, composition selection
and fabrication methods are detailed in Section 3.2, and the firing schedules for CRN are

given in Section 3.3. Section 3.4 describes the various analytical methods used.

3.1 Raw Materials

The chemical compositions of the four main minerals slag, clay-K, clay-P, and sand, are

summarised in Table 3.1 from data provided by the manufactuters.

3.1.1 Slag

The slag used in this investigation was supplied from Steel Cement Ltd. (now Independent
Cement and Lime). It originated from BHP’s Port Kembla steclworks, and is a ground,
granulated iron blast-furnace slag, which has been tapped off from the furnace, quenched in
water and then crushed to a fine powder. Approximately 5% gypsum (CaSO,2H,0) was
added by the cement company for its intended applicaon in cements. Gypsum
dehydroxylises upon heating at ~200°C to form anhydrite (CaSO,) which decomposes at
~1020°C (Grimshaw 1971).

The composition of the slag is given in Table 3.1. When calculating the molecular weight of
the slag, the 2.17 wt% of unguantifiable ‘cthers’ was not included, resulting in a molecular
weight of 62.55 g/mol. The slag is processed on site by the cement manufacturer and not sold
as a regular commodity per s, but it is considered to have an approximate cost of $90/ton

(ICL 1999).

3.1.2 Clay-K (Kaolinite)

The kaolinite-based clay used in this project was Clay HR1-F, from Commercial Minerals Ltd.
A chemical breakdown is given in Table 3.1. In addition to kaolinite, 17.6 wi% of the total

silica is present as SiO, quartz. From the data supplied, its molecular weight was calculated to

be 69.75 g/mol. The cost of clay-K is ~$450/ton (quoted for a one-off purchase of 1 ton
(Unimin 2003)).
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Table 3.1 Chemical composition and approximate cost of minerals (slag, clays,

and sand) used for CRN.
Slag Clay-K Clay-P Sand
ICL CM-HRI-F | CM-PPPG/300 Pilkington
Kaolinite Pyrohpyllite
Compound (Wt9%6) (Wt%) (Wi9%) (wt9)
SiQ), ' 33.06 53.3 76.7 99.7
ALO, 1294 30.3 17.9 0.1
Ca0 39406 0.2
MgO 6.19 0.2
Na,0 0.88 0.2 02 0.04
Fe,0, 0.18 1.2 0.4 0.029
TiO, 0.44 2.6 0.2 0.04
K,0 0.37 0.5 12
?,0, 0.06
MnO 0.44
SO, 3.2
BaO 0.14
s* 045
H,0 - 11.4 1.2
Others 2.17 @LOY) 3.8%
’}ﬁ;ﬁiﬁ;;’} 52.55% 69.75 64.34% 60.08
P‘:fgf‘zigg;) $0u* $450° $450° $10°

* Note that the unquantifiable molecular weight of ‘others’ or LOT have not been included in this calculation.
* Estimate of cost, not usvally sold as a commodity (ICL 1999).

b cost quoted for onc-off shipment of 1 ton (Unimin 2003).

¢ bulk order cost to glassmaker (Pikington 1999); one-off shipment cost = $100 (Unimin 2003).

3.1.3 Clay-P (Pyrophyllite)
The pyrophyllite used in this project was supplied by Commercial Minerals Ltd (now Unimin
Australia, Ltd), product code PPPG/300. The composition is given in Table 3.1, and 5.1% of

the Si0, is present as quartz. Its calculated molecular weight is 64.34g/mol, excluding the loss
on ignition (LOI). The cost of clay-P is similar to that of clay-K, ~$450/ton.

3.1.4 Sand (Quartz)

Glassmaking sand supplied by Pilkington Ltd. was used as a soutce of essentally pure SiO,.
Initially the sand had a particle size of ~1rmam, and was aggressively ball milled for 72 houts to

reduce the particle size, with the largest particles subsequently being ~300um. BET analysis
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showed it to have a sutface aten of (.46 m®/g. The cost of sand was quoted a5 $90 /tonuc for
a single shipiment of 1 ton (Unimin 2003), however this cost can be as low as ~$10/ton under

long-term contract (Pilkington 1999),

3,1.5 Carbon-Black

The standard carbon-black used as a reducing agent was ACB chemicals Tinracarb 130. BET

analysis showed it to have a surface area of 121 m?/g.

3.1.6 Silicon Nitride

a-51,N, powdet was used to seed the samples. The powdet used was HCST grade M-11, with
the a-SiN, content determined to be 91.3%, and the temaining 8.7% being B-Si;N,. The

mean particle size is 0.65um.

3.1.7 Nitrogen Gas

High Purity N, from BOC gases was used as the nitrogen soutce in all furnaces. The oxygen

content was <10ppm, and moisture <12ppm.

3.2 Composition Selection and Specimen Preparation

This section will present the selection criteria and nomenclature relating to the main

compositions created and investigated ia this study.

3.2.1 K-Series: Composition Range Testing

The first seties of compositions tested were mixtutes of slag and clay-K, (kaolinite). A
Microsoft Excel spreadsheet was developed to calculate the required amounts of reagents
based on three user variables: slag:clay-K molar ratio, desired totai batch mass, and Si,N, seed
addition in wt%. The calculated molar weights listed in Table 3.1 were used for this

calculation.

A series of 12 composidons was selected with varying slag:clay-K molar rato, from 0.10:1 to
3.28:1, to test the compositional limits of the CRN process. The 12 specific compositions
investigated are listed in Table 3.2. This series was designated as the K-senes, and gach
individual compositon uses the nomenclature Kxx, where xx is a two digit suffix indicating
10x the slag:chy-K rato, rounded to 2 significant figures. For exampic, the 3.28:1 slag:clay-K

composition is referred to as K33, and 0.19:1 as K02.
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The catbon content was fixed at 25 wt% of the total batch mass, the level found to be most
successful from the preliminary study by Walker (1997). The amount of @-Si,N, added to
‘sced’ the samples was based on findings from the preliminary investigation and the
assumption that the Si,N, seeds interact solely with SiO, during CRN. Hence the quantity of
Si,N, was pegged to 20 wt% of the Si0O, content of each composition, rather than being a
simple propucoon of the total batch mass. Since the slag contains less SiO, than the clay, the
amount of seeds decreases slightly from 7.75 wt% to 5.42 wt% as the slag content of the
compositions increases. Details of the K-series compositions ate given in Table 3.2. The Si)N,

addition was not counted as part of the target batch weight but as an additional component.

Table 3.2 Slag:clay-K molar ratio of K-series compositions and seeding content for K-series
compositions

Composition | KOI | KO2 | KO3 | KO5 | KO6 | KO7 | KO9 | Ki0 | KI4 | Ki? | K26 { K33

slag/clay-K 010019 1 034 [ 0471062 10731088 | 100 1421193 | 2551} 3.28
{moles)

% Si)N,seeds } 7.75 | 735 ] 729§ 710 | 691 | 6.79 | 6.66 | 656 } 6.30 | 6.07 | 588 | 5.73

wi%e C 25 25 25 25 25 25 25 25 25 25 25 25

A total powder mass of 15g of cach composition was initially prepared for this series. The
relevant amounts of the four reagent powders (slag, clay-K, carbon-black, Si;N ) were weighed
out to 0.1mg, then added to an agate mortar and pestle and mixed with isopropanol to form
a slurry which was hand mixed continuously for 20 minutes. The isopropanol was evaporated
in a drying oven overnight, and the dried powder briefly reground in the mortar and pesde for

two minutes to counter any possible settling effects and to break up aggregates.

Approximately 1.5g of powder was transferred to & lcm diameter cylindrical steel die. The
powder was uniaxially pressed in two stages, holding bricfly at ~10 MPa , followed by several
minutes at ~15 MPa . This produced a cylindrical pellet roughly 1cm high. One pellet was
placed in the centre of 2 10cm long, high-purity ALO, boat for firing according to the firing
schedule presented in Section 3.3.1.1.

3.2.2 K-Series: Intermediate Reaction Product Testing

Three compositions (K06, K10, and K19) wete chosen for a more detailed investigation of the
intermediate phases formed during firing, For these experiments a greater quantity of the
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batch powder was produced, totalling 40g, which necessitated the use of ball milling rather
than hand mixing. The measured powdets were placed into 600ml polyethylene jars into
which 150ml isopropanol and 300g of Si;N, milling balls were added. These were then placed
onto a rotaty mill for 12 hours, after which the powder and milling media were separated and
the powder placed in a drying oven overnight. The powder was then reground briefly by hand

in a mortar and pestle to counter any settling effects and break up aggregates.

Difficulties previously experienced when compacting the powdets were attributed to excessive
pressure, thus the pressing procedure was altered such that approximately 1.5g of powder was
uniaxially pressed in the 1em die at a maximum of 10 MPa . Pellets were fired in an ALO, boat

following a variation to the standard firing schedule as detailed in Secton 3.3.1.2.

3.2.3 P-Series: Pyrophyllite-Based Compositions

Three compositions of intetest from the K series, K02, K06, and K15, were chosen to be
emulated using clay-P, the higher Si-containing, pyrophyllite clay. A spreadsheet was created to
determine the amount of clay-P required to provide the same overall SiO, content found in
the equivalent K-series compositions, Carbon-black was unchanged at 25 wt%. The seeding
addition was set at a uniform 6.3 wit% Si;N, across all three compositons, this being the
average seeding level used in the K-seties compositions. Following the nomenclature
established for the K-series, the three P-seres compositicns are designated P02, P08, and P20,
reflecting 10x the slag:clay-P molar ratio.

Wet mixing and drying of the powders proceeded as detailed in Section 3.2.2. Firing
proceeded as per the standard firing schedule described previously, but with one main
alteration: loose powders were fired instead of uniaxially pressed pellets. It was discovered by
this stage that minimising the density of the powder compacts enhanced nitridation, hence
uniaxial pressing was seen as an unnecessary complication. Approximately half a teaspoon

(~1.5g) of powdet was simply placed in the centre of the boat, forming a small heap.

It was discovered that a longer time of 18 hours of finng was required for CRN in these
samples, thus in all future experiments involving these compositions, the standard CRN

condition was firing at 1450°C for 18 hours, not the standard time of 12 houss.

3.2.4 S-Series: Sand-Based Compositions

The same three K-seties compositions chosen for emulation using pyrophyllite (K02, K06,
K15) were chosen for emulation using sand as Si0, source. A modification to the spreadsheet

described above was used to calculate the required amounts of slag and sand to maintain the
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same overall SiO, content as the base compositions. These compositions are designated 503,
510, and $24, reflecting 10x the slagisand molar ratio. The cartbon-black content remained
unchanged at 25 wt% of the batch. The seeding level of these compositions was raised to 10

wt% Si,N, for all three compositions due to a perceived need for increased assisiance via
seeding.

3.2.5 Effect of Firing Parameters

3.2.5.1 Specimen Density and Geometry

To test the effects of powder compaction on the CRN process, four samples of K06 powder
were prepared using different pressing pressures. These were: a) a heap of loose powder
spooned into the Al,O, boat with no additional pressure; b) a pellet pressed by firm hand
pressure on the lem diameter cylindrical die plunger; ¢) a pellet pressed according to the
standard conditions of 10 MPa hydraulic pressure in the lem diameter die; and d) 2 1cm
diameter pellet hydraulically pressed at 10 MPa and then cold isostatically pressed (CIP-ed) at
200 MPa.

Later experiments involved filling the 10cm long, 25mm wide and 15mm deep boats with
powder. A light tamping-down of the powder was petformed with a flat tool to prevent the
fine powder from being carried down the furnace during pre-firing evacuation and allow more

powder to be placed in the boat.

3.2.5.2 Seeding

A batch of the K06 composition but without any Si)N, seeds added was prepared via wet
mixing as described in Section 3.2.2. Si;N, powder was mixed into this seedless powder by
hand in a mortar and pestle to test the effects of seeding. The amount of seeds added

corresponded to 2 and 23 wt%.

3.2.6 High-Temperature Phase Behaviour

Powders from the K02, K06, K33, P02, and P08 compositions were wet mixed (Section 3.2.2)
and reacted for CRN according to the process detailed in Section 3.3. Some heat-treatments
required the removal of residual catbon-black from the CRN powders, which was performed
via an oxidation heat-treatment in a muffle furnace in air at 650°C for 2 hours. Pellets were
also pressed from these CRN powders by uniaxial pressing in a Tcm die under 40 MPa
pressure. The high-temperature furnace used for these experiments is described in Section

3.3.2, and the specific firing conditions used are given in Chapter 6.
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3.2.7 Microstructure and Property Evaluation

The four compositions of interest were K06, K33, P02, and P08. Powdesrs were mixed and
reacted for CRN following the procedures detailed in Sections 3.2.2 and 3.3. Hot-pressing
proceeded according to the procedure given in Section 3.3.3 to produce dense samples for

hardness, toughness, and erosion resistance testing.

3.3 Furnaces and Firing Schedules
3.3.1 Nitridation Furnaces and CRIN

Two nitridation furnaces were utilised in this investigation for the CRN reactions, a Lindberg
model #54434 using MoSi, heating elements, and a model #54233 with SiC heating elements.
Other than the type of heating element used, the features on the two furnaces and the
opetating procedures were essentially the same. Both utilised a 48mm internal diameter high
purity (99.9%) ALO, tube to which 2 vacuum evacuation and a gas flow system was attached
to allow control ovet the furnace atmosphere. Both furnaces had a ‘hot zone’ 10cm in length,

with the maximum temperature attained in the centre of the zone, and a drop of no more than

5°C at the ends Scm away.

Initizly, high-purity AL,O, boats were used to contain the samples. However these appeared
to react with the samples and rapidly became unusable, thus graphite boats were used for later
experiments. The dimensions of the boats were 10cm long, 25mm wide, and 15mm deep.
Single specimens (cither pellets or loose powders depending on the experment to be
performed) wete placed in the centre of the 10cm boats to coincide with the centre of the
furnace hot-zone. The loading and unloading of the specimens took place with the furnaces
held at 400°C. This temperature was selected to minimise unnecessary thermal cycling of the
heating elements and to avoid the potential for oxidation of the carbon-black in air at

temperatures >500°C.

The operating procedures for the furnaces stpulated 2 maximum allowable heating ramp rate
of 5°C/min for temperatures below 800°C, and 3°C/min above 300°C to avoid thetmal

shock of the alumina tube. The maximum ramp rates were used at all times.

3.3.1.1 Standard Firinp Scheduk

The standard firing schedule for all CRN experiments, unless otherwise specified, is shown
schematically in Figure 3.1, and is detailed as follows:
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.. The boat was slowly advanced to the hot zone via a pushrod such that the centre of

the boat was located in the centre of the hot zone.

ii. The tube was sealed and evacuated by means of a rotary pump to <5x107 tors, flushed

with N, gas and re-evacuated. This flush was repeated twice to ensure no air remained.

i, The tube was then backfilled to atmosphertic pressure with N, gas and set flowing at 2

rate of 30 litres/hr using a calibrated flowmeter.

iv. The furnace control program was started, the furnace heating up at the maximum
allowable ramp rates of 5°C/min to 860°C and 3°C/min to 1450°C.

v. The furnace was held at 1450°C for 12 hours for completion of the CRN reactions.

v. The futnace was then cooled at 3°C/min to 800°C then 5°C/min to 400°C. Nitrogen
gas flow was maintained throughout the cooling period.

vi. N, gas was turned off, the samples slowly removed from the tube and ait cooled to

room tcmpemtu.te.

Where carbon was removed after CRIN, a separate oxidising heat treatment was performed in

a muffle furnace at 650°C in air for 2 hours.

t= 12 hours

400°C ---./ sample loading sample unloading

Figure 3.1 Standard firing schedule.

3.3.1.2 De ination of Interntediate ction Products

Fot the series of experiments in Section 4.3 investigating the intermediate reaction processes,

the CRN firings were programmed to interrupt the standard schedule at various intermediate
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points. For tempetatures below 1450°C, the samples were held for 1 minute at the desired

temperature before cooling the fummace as asual. At 1450°C, the pellets were held for vasious
times of 1min, 30min, 3 hrs, 12hrs, and in the case of K10, 6hrs. A schematic of these firings
is given in Figure 3.2,

- | ity
= 30 min
- 3 hours
== 6 howrs
12 hours

loading sample unloading

Figure 3.2 Firing schedule for determining the intermediate reaction products,

3.3.2 High-temperature Furnace

A Thermal Technology Labmaster Model 1000-4560-FP20 graphite resistance furnace was
used for experiments at temperatures >1450°C detailed in Chapter 6. Samples were pre-
loaded in graphite crucibles, the furnace evacuated and flushed with N,, and heated at a rate of
30°C/min. A pyrometer focused on the graphite crucibles was used to determine the
temperature. The furnace was held under vacuum up to 900°C at which the point furnace was
backfilled with N, gas and a slight positive pressure of N, gas set flowing to prevent oxidation
of the graphite elements. The furnace was cooled at its natural rate by switching off the power

after the desired dwell tme was at reached.

Fiting was petformed both without and with packing powder to separate the samples from
contact with the graphite crucible. Loose CRN powders and uniaxially pressed pellets were
placed in small graphite crucibles 20mm in diameter, 20mm high, and 2mm thick for firing
without packing powder. Alternatively, a large graphite crucib!: 80mm in diameter, 75mm
high, with 5mm thick walls and lid was filled to 10mm below the top with a packing powder
comprising of 45 wt% BN, 45 wt%% Si;N,, 10 wt% Si0O, and a teaspoon of slag. The pellets
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embedded within the crucible such that they were at least 10mm away from the crucible floor
and walls.

3.3.3 Hot-pressing

A Thermal Technology Laboratory Hot-press Group 1400 Model HP20-4560-20 with a 1 inch
graphite die was used to densify the CRN powders. The powders were fitst uniaxially pressed
at 10 MPa to form 1 inch pellets, and then the diameter was reduced by manually grinding the
circumference of the pellets on SiC papers to allow easier entry to the die. The die parts were
coated in BN to prevent sticking by mixing BN and ethanol into a paste, painting it on the
parts and allowing the ethanol to dry off. BN was also used as a packing powder, with 1
teaspoon of BN placed above and below the pellets in the die, and packed as tighdy as

possible between the pellet and the die wall to avoid expansion of the pellet.

Heating started at a rate of 30°C/min, using a pyrometer to determine the temperature. The
furnace was held under vacuum up to 900°C at which point furnace was backfilled with N,
gas and a slight positive pressure of N, gas set flowing to prevent oxidation of the graphite
elements. The pressing pressure was applied once the furnace reached 1300°C and slowly
increased to 20 MPa. The sample was held under pressure at 1700°C for 1 hour. The furnace
was cooled at its natural rate by switching off the power. On cooling the pressure was

maintained to 1200°C.

3.4 Analytical Techniques

Various analytical techniques were used during this investigation. This section will describe the

salient features of the apparatus and the methodologies used for analyses.

341 XRD

In most cases the samples after firing were in a powder form, and although some cohesion
was sometimes found in the pelletised samples, powder could be collected for analysis by
scraping with a spatula. The collected powder was placed into a small agate mortar and pestle,
ethanol was added to form a slurry, and the powder was intensivel; ground by hand until the
slurry was smooth. Drops of the shurty were then placed onto a glass microscope slide using a
pipette such that the coating on the slide was opaque, thus ensuting sufficient film thickness
to prevent sampling from the glass substrate. The sample was allowed to dty naturally at room

temperature.
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Two x-ray diffractometers were used in this investigation:

® a Rigaku X-ray diffractometer using a 40kV, 22.5mA beam, ¥2° divergence and

antiscatter slits, 0.3mm receiver slit, a Cu souzce and Ni filter, or

o a Philips X-ray diffractometer using a 40kV, 25mA beam, 1° divetgence and ant-

scatter slits, 0.1mm receiver slit, 2 Cu source and graphite monochromator.

Scan conditions for phase identification were usually 1°/min in steps of 0.04° over a 20 range

of 10-80°.

3.4.1.1 Phase Content Analysis

An estimate of the phase content in the samples was obtained from the scans using TRACES®
Peak Analysis software (Version 6.0, Diffraction Technology Pty. Ltd). Accurate quantitation
of the phase content was not possible due to the difficulty in maintaining constant conditions
between the different XRD apparatus used, the latge vartations in specimen composition, and
the extremely high level of peak convolution in many of the spectra. Solely for comparative
purposes, it was possible to approximate the phase content using peak heights, based on 2
grading system for the XRD peak intensity. The categories were: strong (>80%), medium
sttong (60-80), medium(45-60), medium weak(30-45), weak (10-30%) very weak (<10%)
intensity. The strongest characteristic peaks were used for this analysis. A quasi-quantitative
analysis of the relative amounts of ' and E’ phases based on XRD peak intensity was

developed for use in Chapter 6, and will be described in detail in Section 6.1.1.

3.4.1.2_ Determination of Ca-content in q-Stalon

The o-sialon m- and n- values define the amount of substitution of Al>* and O into the o-

S1;N, structure according to the formula:
Cam/Z Silz-m-n Alm-l-n OnN16-n [3'1]

It has been shown that these values can be calculated from the lattice parameters of the a-

sialon unit cell according to Equations 3.2a and b (van Rutten, Hintzen, ¢ a/ 1996).
a(A) = 7.749 + 0.0023n + 0.0673m [3.24]

¢(A) = 5.632-0.0054n +0.0550m [3.2b}
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For increased precision, the lattice parameters were determined via a slow scan on the XRD

using a small amount of ThO, powder mixed tn with the CRN powder to act as an internal

standard. Scans were performed at 0.2°/min, with a step size of 0.02° The lattice parameters
were calculated from the peak positions on the XRD traces using the CELLSIZ progtaim
(Scott 1986).

34.2 DTA

Differential thermal analysis (DTA) was performed using a Rigaku Thermoflex DTA
apparatus to identify phase changes in the system during heating. A heating rate of 20°C/min,

a maximum temperature of 1100°C, and a chart speed of 2.5mm/min were determined to be
optimal for these materials. A straight baseline was generally not obtained on this apparatus,
however the peaks corresponding to structural events were cleatly observable. These scans

were performed in air.

34.3 TGA

Thermogravimetric analysis (TGA) was performed to determine the residual carbon content
of samples after CRN. The apparatus used was a SETARAM TG92, and scans were run in an

atmosphere of flowing air using 2 heating rate of 10°C/minute.

3.4.4 Optical Microscopy

An Olympus PMG3, reflected light microscope was used for preliminary microstructural
imaging,. Images wete recorded digitally.

3.4.5 SEM

Scanning electron microscopy (SEM) was used for morphological analysis of the powders and

sintered samples.

Two SEMs were used:

e aJEQOL JSM840A using a tungsten element and fitted with an Oxford EDXS detector

with an ultra-thin aluminium/mylar window. Images were recorded either digitally or
\ A on photographic film. EDXS spectra were obtained over a 100s live ame, using a
‘ voltage of 20kV.

65




Chepler 3 Experimernial Procedure

¢ A JEOL JSMG300F using a cold field emission gun (FEG) and fitted with an Oxford
EDXS detector with an ultra-thin aluminium/mylar window. Images were recorded

digitally, EDXS spectra were obtained over a 100s live time, using a voltage of 15kV.

4.5.1 Powder Sample Preparation

Powder specimens wete prepared by ultrasonically dispersing the powder in ethanol and
transferring a small amount of the suspension via a pipette onto a brass stud. The ethanol was
allowed to evaporate and the brass stud was stuck to an aluminium baseplate using conductive
carbon tape or carbon paint. The surface was sputter-coated with a layer of catbon to provide

electrical conductivity.

3.4.5.2 Thermal Etching of Densified Pellets

The vanous Ca-Si-Al-based phases in this system produce litde contrast in the SEM.
Therefore the surfaces were etched in molten MNaOH to remove the grain boundary glass and

highlight the grain raorphologies.

First, polished surfaces of the densified pellets were prepared for etching by gnnding on
successively finer SiC papers down to 120 grade, followed oy 3pm and Ipm polishing vsing
diamond paste on a cloth lap. NaOH granules were placed in a Ni crucible and heated over a
Bunsen burmner until the molten NaOH soluton was clear and free from bubbles,
cotresponding to >400°C. The polished surfaces were immersed in the molten solation and
held for 10s after the first appearance of bubbles around the pellet edge; tl’;is 1s an indicator
that etching is proceeding effectively. After removal from the etchant, the samples were
immediately rnsed under running water for at least 10 minutes. The samples wetre then

mounted on Al discs using carbon paint, and sputter-coated with a conductive layer of carbon.

3.46 TEM

Transmission electron microscopy (TEM) was used to allow a2 more detailed examin: on of
the K06 sample’s microstructure The TEM used was a Philips CM20 running at 200kV and
fitted with an Oxford EDXS detector with an ultra-thin aluminium/mylar window. EDXS
spectra were collected for qualitadve analysis operating in nanoprobe scanning mode with 2
5Snm nominal beam width and a 100s live dme. The specimens were mounted in a low

background double-alt sample holder.
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3.4.6.1 _Sample Preparation

A ceramic foil was prepared from the K06 and K33 pellets hot-pressed at 1700°C for one

hour via the following method: wafers ~Imm thick were cut out of the pellets using a
diamond cdged wafering saw. Discs 3mm in diameter were ultrasonically cut from these
wafers using B,C as a cuting medium. These discs were mounted onto brass studs using a
mounting wax, and then polished using successively finer grades of SiC paper followed by
3um and 1pm diamond pasts to a thickness of ~250um, before demounting, reversing and
polishing down to a thickness of 100um. One side was dimpled undl the thickness at the
bottom: of the dimple was less than 20um, and polished using 1um paste. The sample was
soaked overnight in acetone to fully remove the wax. Final thinning was performed on a
Gatan dual beam ton mill using two 0.5A beams of ionised argon under an accelerating

potental of 4kV. Discs were rotated during milling, and the impingement angle was 12° for

the first 4 hts, and lowered to 8° thereafter. After perforation, the samples were coated with a

thin layer of carbon.

3.4.7 Density Measurement

The bulk density of hot-pressed pellets was determined using the Archimedes principle with
water as a medium. Samples were boiled for 1 hour prior io immersion to remove errors
associated with the open porosity. The density was calculated using Equation 3.3 (Jones and
Berard 1993).

Bulk density =__WoXPL  (g/cm’) (3.3)
W - Wy

where p, is the liquid (water) density
Wy, is the dry mass measure in air
Wy is the mass after saturation (boiling) measured in air

W 1s the saturated mass measured while submerged in water

3.4.8 Hardness & Fracture Toughness Measurement

Hardness testing was performed on samples hot-pressed at 1700°C for 1 hour. The pellets
were ground and polished flat down to a 1pum finish. Tests were conducted with a Vickers
diamond-pyramid indenting device using a load of 10kg. This produced diamond-shaped

indentations with cracks emanating from the corners. The length of the indent diagonals (22)
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and the end-to-end distance of the cracks (2c) in both directions were measured from 5
indentatdons made on each of two pellets. The hardness (Hv) and fracture toughness (K,
were calculated using Equations 3.4 and 3.5 (from Evans and Charles 1976).

Hv = 0.1855P/2a* (x10” Pa) [3.4)
K,.= 10HvVa / 0.15¢k (c/ay** (MPam") 3.5

where Pistheloadin N
a is in mm {for Hv calculadon)
\fa, a, and ¢ are in meters (for K . calculation)
=3
k=32i¢c/a>2

3.4.9 Erosion Resistance

The specimens used for erosion testing were pellets of K06, K33, P02 and P08 hot-ptessed at
1700°C for 1 hour. The pellets were polished on successively finer SiC papers down to 1200
grt. It was not mecessary to achieve a mirror finish, as any polished surface layer must be

removed befote steady-state erosion is achieved.

Erosion resistance testing was performed in a gas-blast type erosion test rig developed by
Zhang as shown schematically in Figure 3.3. Abrasive grit is carried by compresscd air through
the nozzle and blasted onto the densified samples at a chosen angle of incidence. A succession
of timed doses is impacted onto the sample, with the sample weighed in between each dose to
determine the weight loss. The tests are stopped after several successive doses produce

essentially constant weight loss, which cotresponds to steady-state erosion of the material.

The abrasive used was a commercial SiC grit (Norton Black), with particles ranging in size
between 210 and 500pm (mean 4, = 388um) and irregular in shape. The sa‘nple-nozzle stand-

off distance was 13.8mm, the particle velocity 20m/s, and tests were undertaken at both 30°

and 90° impact angles. The erodent Josage rate was measured to be 210g/min. Mass loss
from the target materials was measured on an analytical balance with an accuracy of £0.1mg.

For erosion testing the samples were polished down to a 1200 grit finish using SiC paper.

The erosion rate (AE) was determined from the steady-state erosion regime, according to
Equation 3.6. The cumulative volume loss was calculated by multiplying the cumulative mass

loss by the target specimen density.
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AE = volume loss from speciten / mass of patticles used (m’/kg) [3.6]

Pressurs Gauge
i i Vaive :

RN 7

T-intarsection

Suction Tube d=13.8mm

L« Sample 3 F

m Valve

Erodent Bed J

Compressed Air

Figute 3.3 Schematic of gas blast erosion rig (after Zhang 2002).
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Chapter Four

Fundamental Reaction Processes Buring
Garbothermal Redu~tion-Nitridation of Slay ani Clay
Mixtures

The first step in developing the CRN process to produce a bulk o-sialon material from slag
and clay is to gain an undeistanding of the fundamental reaction processes that convert the
oxide raw materials into o-sialon. This is the focus of the work presented in this chapter. First,
some analyses of the reactants used in this chapter are presented in Section 4.1, followed in
Section 4.2 by an investigation of the products of CRN of a range of slag and clay-K mixtures.
This will determine the range of compositions ovet which a-sialon can be produced and allow
the identificaion of successful compositions that will be used in further work investigating
and optimising the CRN process. The intermediate CRN reaction products are investigated in

Section 4.3 to elucidate the mechanism of CRN in this system.

4.1 Analysis of the Raw Materials

Some chemical and physical properties of the component raw matetials as provided by the
material suppliers were given in Section 3.1. Additional analyses of the raw materals used in
this chapter were performed via x-ray diffraction (XRD) and scanning electron microscopy

(SEM) to establish the characteristic signatures of these raw materials befote reaction.

411 Slag

An XRD trace of the slag powder is presented in Figure 4.1. The crystalline peaks correspond
10 ~5% gypsum (CaSO,2H,0) that had been add=d by the manufacturer for the original
purpose of slag as an additive in cement. Cuk, radiation was used for all XRID analysis in this
investigation, and the amorphous hump at this wavelength lies in the 20 range of 20-30°. The
slig XRD trace has a particularly large and distinct amorphous hump, reflecting the
amorphous nature of the quenched slag. A micrograph of the powder is shown i Figure 4.2.
The sharp angular particles are indicative of glass shattered viz quenching and post-quench
crushing. A wide patticle size distribution is evident, ranging from 2 to 30um.
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Lounts

10 15 20 25 kY 35 20 40 45 S0 55 60 85 70

Figure 4.1 XRD trace of slag. All peaks correspond to gypsum (CaS0+2H,0).

Figure 4.2 SEM micrograph of slag.

4.1.2 Clay-K (Kaolinite)

Figure 4.3 presents an XRD trace of clay-K, with the quartz peaks labelled, and all remaining
puaks can be indexed as kaolinite. The quartz signal is very strong and dominates the XRD
tra >, This is duc to the high scattering strength of quartz; being a well-crystallised phase it
produces sharp, distinct peaks in clay minerals even when concentrations ate <1% (Brndley
and Brown 1984). Clay minerals tend to have thin, pootly crystallised crystals with disordered
layer stacking, thus generally produce broad, low intensity XRD peaks.

An SEM micrograph of the clay powder is shown in Figure 4.4. The particles are generally
round/hexagonal, flat platcs with a particle size around 1pm. The supplied data sheet states
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that 65% of the particles are below 1pam, with a maximum particle size of 38um, and a specific
surface area of 25.3 m*/ kg

Counts

15 20 25 a0 35 40 20 g5 50 85 60 65 70

Figure 4.3 XRD trace of clay-K. The peaks corresponding to $iO; quartz are indicated; all
other peaks correspond to kaolinite.

Figure 44 SEM micrograph of clay-K.
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4.1.3 Silicon Niiride Seeds

An XRD trace of the silicon nitride used to seed the samples is presented in Figure 4.5. Only
the peaks corresponding to the ~9 wt% {-5i;N, content are indicated; the remainder
correspond to 0-Si,N,. The fine particle size is evident in the SEM micrograph given in Figure
4.6, with many of ¢ rains seen to be 0.1-0.2um in size. The average grain size was specified

as 0.65pm.

10 15 20 25 30 35 20 40 45 50 55 60 65 70

Figure 4.5 XRD trace of 5i3N seeds. The peaks unique to [3-SizNj are labelled B’ all other
peaks correspond to ¢-SisNy.

Figure 4.6 SEM micrograph of SisN, seeds.
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4.2 K-series Firings: Slag + Clay-K (Kaolinite)
4.2.1 Experimental Procedure

"The cquation describing Ca-a-sialon compositions is given in Equation 4.1, and it can be seen
that for a typical Ca-a-sialon with m=1.6 and n=1.2 (JCPDS PDF #33-0261) the ratio of
Ca:Si:Al required is ~1:9:1, which is very Si-rich. The composition of the slag is much lower in
Si than this, having an almost 1:1:1 Ca:Si:Al cation rato, and for this reason the Si-content of
the sample must be boosted by the addition of Si-rich kaolinitic clay-K to the slag.

Cam/zSilz-(m+urMm+nOn Niga 4.1}

Twelve different compositions were created with slag:clay-K molar ratios ranging from 0.1:1
to 3.3:1, as listed previously in Table 3.2 (Chapter 3). The nomenclature ¢ € Kxx uvses two digits
to describe 10x the slag:clay-K inoiar ratio rounded to two significant figures, ie. the 0.19:1
slag:clay-K composition is referred to as K02. The carbon-black content was fixed at 25 wt%
of the batch, and content of a-3i;N, seeds decreased slightly from 7.7 wt% in K01 to 5.7 wt%
in K33 as described in:  ‘on 3.2.6. The pellets were prepared and fired according to the
procedures described in Chapter 3; 2 maximum temperature of 1450°C was used in all CRN
firings, and the furnace was held at this temperature for 12 hours with N, gas ilowing at
30¢/hr.

4.2.2 Appearance of Fired Pellets

Visual inspection of the pellets after firing at 1450°C showed that most pellets were bloated,
with the side edges splayed out in ridges. No appreciable densification was obtairted in any of
the pellets after firing; many of the post-fired pellets in fact had less cohesion than m the pre-
fired state and crumbled easily during handling,

Ca-a-sialon produced via pure laboratory reagents has 2 light grey colour, thus any residual
carbon-black after CRN will darken the colour of the powder. Most pellets were 2
light/medium grey colour, with the higher slag compositions K19 (1.9:1 slag:clay-K) and
above being indistinguishable in colour to the black raw batch powder. Many samples were
found to have a distinct sutface layer on the top and side edges that was a lighter grey colour
than the core, which indicates that less residual carbon-black may be present on the surfaces
of these pellets, Sometimes this layer was only a small patch on the top face of the pellet, but
in some samples the layer penetrated to a depth of ~0.5-imm. Often these surface layers had

noticeably higher cohesion than the bulk pellet material, and required scraping with a spatula
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to remove material for analysis. This surface layer was also analysed via XRD where sufficient
material could be obtained without significant contamination from the cote powder. The

residual catbon-black content of the powders is investigated in Section 4.2.4.

A sulphurous smell could sometimes be detected when the pellets were removed from the
furnace boats. This indicates that the gaseous SO, decomposition product from gypsum
(CaS0O,2H,0) had not been fully removed from the sample during firing. Other unidentified
volatiles originating from the 2.17% of ‘other impurities’ in the slag may also remain in the
CRN powders after firing.

4.2.3 Phase Analysis of K-series Powders After CRN

This section presents the results of phase analysis of the fired CRIN powders, based largely on
the results obtained via XRD. Due to the complex chemistry of the raw materials, many
possible phases can be fortmed from the various impurity elements, and consequently several
minor peaks found in the XRD traces from the samples after firing were unable to be
identfied via XRD zlone, and remained unidentified throughout much of this investigation.
This was due to their small number (only one or two peaks), low intensity, and paxtial overlaps
with other peaks; many of these phases were only identified via SEM and TEM analyses
performed in later stages of this investigation. In addition, several of the major phases
identified via XRDD appeared to be solid-solutions, evidence of which was also obtained during
later work. To avoid unnecessary complication and qualification, the following presentation of
the XRD data and phase identification discusses all phases identified, including those
identified later using non-XRD techniques. Furthermore, these phases will initally be
discussed in tetms of their standard, stoichiometric composition. Following this in Section
4221 will be a brief explanation of the features that allowed these minor phases to be
unat diguously identified, and Section 4.2.2.2 will discuss the evidence reparding the solid-

solution nature of these phases.

A summary of the phases identified in the twelve CRIN powders after firing at 1450°C for 12
hours is presemed in Table 4.1 using indicators from ‘strong’ to ‘very weak’ to describe the
XRD peak intensities, which are related to the relative phase content. Representative XRD
traces from six composidons (K01, K02, K05, K09, and K33) are presented in Figure 4.7. a-
Stalon is the desired product phase in this investigation, and the term ‘secondary phase’ will be

used during this discussion to refer to phases formed in large quantities in competition with o'.
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Table 4.1 Phases identified in various slag:clay-K compositions fired at 1450°C for 12 houss.

Compeosition] KOl K02 K03 KOS5 K06 K07 KO0% K10 Ki4 Ki9 K26 K33
lslagictay-K (molar)d  0.10:1 0.19:1 0.34:1 0.47:1 0.62:1 0.73:1 0.88:1 1.0:1 1.42:1 1.93:1 2.55:1 3.3:1
Phase core |core| surf| core |core| suf| core core |core| surf| cote |core| smurf! core core cote

a~Si;N, 5 w | vw

B-sialon ms

Ca-o-sialon s s $ 3 $ s s $ s 5 $ mw| s W vw vw
gehlenite e < | .

(C2,ALSIO,)

E-phase W v m | w

. s 5 w

(CaAlSiN,) S i s

AIN s w | w w vw | o \a 4 vw vw vw vw vw? vw? vw?
FeSi w w | ow vwolvw | o vw YW w | » w W w vw vw
TiN w vw | ow v vw W vw lvw | W vwe | ow? ] vw? vw? vw?
SiC-2H ms vw? vwe | o we w? | w? w? we w?
$i0, (quartz) w?

amorphous* s 4 A A A A A w w w A w w w A 4

Key to XRD intensity: s=strong, ms=medizm-strong, m=medium, mw=medium weak, w=weak, vw = very weak, ? = difficulty estimating from scan.
* The amorphous phase is difficult to detect via XRD, thus is only described as having a ‘strong’ or ‘weak’ presence.
® An amorphous phase is expected to be present, but not able to be detected above the background noise in the XRD.
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Figure 4.7 XRD traces of various slag:clay-K compositions fited for 12 houts at 1450°C: (a)
K01, (b) K02, {c) K0S. Continued next page.
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Figute 4.7(cont.) XRD traces of various slag:clay-K compositions fired for 12 hours at 1450°C:
(d) K06, (e) K09, (f) K33.
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The lowest slag-containing sample KOt (0.1:1 slag-clay-K) shows an inability to fully form a-
sialon, The product phases are mainly o-Si;N,, a-sialon, B-sialon, AIN, SiC, quartz (SiO,), and
amorphous glass (Figure 4.7a). B-Sialon was distinguished from B-SijN, by tke use of an
intetnal Si standard, and is a commonly seen CRN intermediate phase during o’ formation
(van Rutten, Terpstra, ¢ 4l 1995). SiC is an intermediate phase commonly seen during the
CRN of clays to form f-sialon (Mazzoni and Aglietti 1998), but has only previously been
detected in the amorphous state in studies of CRN-o’ formation (Ekstrom, Shen, ¢f 4/ 1998).
o-31N, has not been repotted as an intermediate CRN phase in the literature, and it 15 not
possible to determine whether the a-Si,N, seen in this XRD trace comesponds to the initial
Si;N, seeds or is a product of CRN. FeSi and TiN are impurity phases that otiginate from the
Fe and Ti impurities present in both the slag and clay. Neither slag nor kaolinite from the
starting mixture wete detected in this sample after firing, however quartz was still present and

this is likely to correspond to part of the 17.6% quartz impurity present in initial clay-K.

The phase assembly in the K02 (0.19:1 slag:clay) compositton after CRN is distinctly different
from both the lowet-slag K01 composition and the next highest slag K03 (0.34:1 slag:clay-K)
composition. The K02 reaction product is dominated by a-sialon (Figure 4.7) with a ‘weak’
amount of a-8i,N, also visible, seen as the slight broadening of the a-Si,N,/a-sialon peaks
and the small shoulders on the higher 20 side of some o' pezks. Minor amounts of impurty
phases FeSi, and TiN, and AIN are also present AIN was the main secondary phase found in
the work on the CRN of Ca-o' using laboratory chemicals by Hotta and co-workers (Hotta,
Tatatnd, ef a 2002), and AIN ot one of a sedes of AlN-polytypes are often found in
equilibcium with a-sialon in Ca- and Al-rich Ca-Al-5i-O-N compositions (Wood and Cheng
2000). The diagram of the o'-plane (Figure 2.4) shows that various triangular phase
compatibility regions exist between ¢-sialon, AIN or an AIN-polytypoid, and liquid {ie. grain
boundary glass on cooling), which suggests that a small amount of grain boundary glass is also
likely to be present in all compositions produced here. However glass is transparent to XRD,
and was not cleatly visible in these low-slag compositions. FeSi and TilN impurity phases were
also detected in this sample, and SiC may also be present but is difficult to determine due to

peak overlap.

The slight increase in slag from K02 (0.19:1 slag:clay-K) to KO3 (0.34:1) produced a
significantly different phase assembly, with gehlenite (Ca,A1SiO,) as the main secondary phase
to ot’. Further increasing the Ca level in the system by raising the slag -ontent to that of K05
(0.47:1) further increases the proportion of gehlenite formed to ‘strong’, matching that of o’ in
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this composition. The impurity phases AIN, FeSi, and TiN are also present, but there is no
>vidence of any residual a-S5iN,. Gehlenite has been scen in Ca-o-sialon systems av an
intermediate phase produced during reaction-sinteting (van Rutten, Hintzen, ¢/ 2/ 1996) and as

the main devittification product of the residual glass (Hewett, Cheng, ¢z 2/ 1998).

Raising the slag content slightly from K05 (0.47:1 slag:clay-K) to K06 (0.62:1) produced
another abrupt change in phase behaviour, with this composition being dominated by o-
sialon. Gehlenite 1s not present, but a small amcunt of E-phase (CaAlSilN,) is now detected in
addition to the impurity phases AIN, TiN and FeSi. This sample is the lowest slag-containing
composttion where E-phase is detected, and increasing the slag content from 0.62:1 increases
the amount of E-phase formed, at the capense of a’. At a 1:1 molar slag:clay-K ratio (KK10)
both o' and E-phase are present in an equally ‘strong’ amount, and further raising the slag
content results in powders dominated by E-phase. E-phase has been reported to form
simultaneously with AIN within the 3CaO-Si,N,0-2CaQSi,N,~AIN system hot-pressed
above 1500°C (Huang, Sun, ¢ 4/ 1985). It was also found to be a decomposition product of
M-phase (2CaO-51,N,AIN) above 1450°C, however no M-vhase was detected in these
samples. The presence of AIN in the higher slag compositions above K06 is difficult to
ascertain due to peak ovetlap, as indicated by the ‘?* in Table 4.1, but is likely to be minor. The
quantity of glass produced in these higher slag samples is often great enough to be visible in
the XRDD, and simply listed as ‘weak’ due to an inability to accurately quantify this amorphous
phase.

Distinct compositional differences were detected between the dark grey core of the pellets and
the light grey, more cohesive surface layers. These differences were most noticeable in
compositions K09 and K14 where more o' and less secondary and impurity phases are found
on the surface when compared to the core. XRD traces for the core and surface regions of the
K09 peliet are shown in Figure 4.8. This difference is due tu the greater extent of reaction
possible at the pellet surface which is directly exposed to the N, gas flow, resulting in a more

complete removal of carbon-black. This is discussed further in Section 4.2.4.
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Figure 4.8 XRD traces of the surface and cote regions of the K09 pellet.
[Key: a=a-SisN,, A=AIN', o'=Ca-a-sialon, E=E’-phase, F=FeSi’, T=TiN’, ?=unideatified].

4.2.3.1 Identrfzcation of Minor Phases

Differentiation between o and a-Si;N,, relies upon two features of the XRD scans: 1) the
angular shift of the ¢’ peaks to lower values of 20; and 2) corresponding changes in the
relative intensities of the peaks between o' and o-Si;N,, both of which are features resuliing
from the increase in cell dimensions caused by the Al-N substitutior. for Si~N in the lattice.
The.e peak shifts can be small and difficult to resolve for low m- and n-value a-sialons
(Equzton 4.1) which will have very similar lattice parameters to the parent Si,N,. In the case
of a-sialon, two a-Si;N, peaks display particularly distinct changes when a-sialon is formed;
the 7¢€% intense a.-Si,N, (101) peak ar 206=20.59° and the 100% o-Si;N, (201) peak at 30.99°.
In the o sialons produced here, which are similar to the m=1.6, n=1.2 Ca-o.-sialon reference
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listed in the JCPDS Powder Diffraction File (PDF #33-0261), these peaks display a large
change in intensity of 78%-— 35% and 100—75%, respectively, and peak shifts to lower 26
values of ~20.29° and ~30.58°. Thus these two peaks ate good indicators of a-sialon

formation as distinct from a-Si,N,. For ambiguous cases, Si powder was added to the sample

as an internal standard to remove any calibration error.

The minor impurity phases FeSi and TiN could only be unambiguously identified from the
TEM work to be presented in Chapter 7. Only the two strongest peaks from TilN are visible in
the XRD, and the 100% (111) TiN peak at 36.6° overlaps directly with that of E-phase. Only
the 100% FeSi (210) peak is seen in these XRD scans, which is in accord with previous
observations that FeSL phases in CRN systems produce only one characteristic XRD peak
(Mazzoni, Aglietts, e al. 1992a). Slight deviations are seen from the predicted peak positions of
these impurties, ~+0.15°%, but are up to -0.4° for the FeSi (210) peak. 2H-SiC (0.-SiC) was
identified via the high-temperature stability work presented in Chapter 6, where very large
amounts of SiC are produced and the peak positions can be clearly seen. Only one
characteristic 2H-SiC peak is generally visible in the XRD scans produced here, this being the
100% intense peak at 38.1° which overlaps both o and AIN peaks. SiC can therefore only be
seen cleatly in high-slag samples whete the volumes of o and AIN are low but the 38.1° peak
remains abnormally intense. The lower intensity 2H-SiC peaks also directly overdap with o
and E-phase peaks, and hence arz not detecied.

4.2.3.2 Identification of Sokd-solution Phases

It has been noted that phases such as E-phase (E) and gehlenite ((G) produced XRD traces
with slightly different 28 positions (ie. d-spacing), and relative peak intensities to the pure
stoichiometric phases listed in the relevant JCPDS PDF cards. Individual XRD peaks were
shifted by up to £0.25° and these variations to individual peaks were consistent between
samples and could not be attributed to error in the XRD equipment. An example is given for
E-phase in Table 4.2, which lists the JCPDS data and the experimentally observed data

averaged from five different XRD scans.

It is impomﬁt to recognise that these peak shifts were not so large that the phases were
unable to be unidentified (except for the impurity phases FeSi and TiN which did not have a
sufficiently strong presence in the XRD), but that there was a small, consisteat deviation from
the standard data presented in «ae JCPDS. This indicates that the phases identified are solid-
solutions, where the similarly sized Ca, Al, 5i, 2nd Mg catons are able to be substituted for
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each other as long as the change in cation charge is compensated elsewhere in the structure,
These substitutions will slightly distort the crystal structures, producing the observed variation
to XRD peak positions and intensity. These changes are similar to the way in which a- and B-
sialon XRD patterns are related to the parent a-and B-Si;N, patterns, with the difference
observed in peak positions and intensity increasing as the level of Al-N and Al-O solid-

solution increases.

Table 4.2 Comparison of experimental E-phase XRD peak positions and
intensities to JCPDS standard (listed for Cuk, radiation).

JCPDS PDF #39-0749 Experimental Results
E-phase (CaAlSiN3) E’-phase
28 (%) Intensity (%) 20 (°) Intensity (96) | Peak Shifc (°)
18.32 10 18.30 | 12 -0.02
18.51 10 18.76 21 +0.25
25.56 10 25.67 24 +0.11
31.72 50 31.73 23 +0.02
32.26 100 32.50 100 +0.24
35.95 100 36.10 83 +0.15
36.60 106 36.62 84 +0.01
37.09 | 100 37.31 93 +0.22
41.32 20 41.44 21 +0.11

In addition to the various cation substitutions possible in this system, anion substitutions of
N> for O* are also possible. As with a-sizlons, any excess negative charge must be balanced
by changing the cation composition, which may be achieved via various solid-substitutions as
discussed above. For example, the gehlenite {Ca,ALSIiO,) seen here and in previous studies
may be nitrogenous, as described by the formula Ca,Al, Si;,,O; N, (van Rutten, Hintzen, ¢/ al
1996).

It is likely that most phases produced in this system are solid-solutions, and later chemical

analysis via SEM and TEM in Chapter 7 will provide direct evidence for this. For example
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FeSi is found to have a sigaificant substimution of Ti'* for Si** (Figure 7.6), and AIN contains a
small amount of Mg®* and Si** substitution for AP, and is thus a varation of the AIN' solid-
solution discovered by Wood and Cheng (Wood 2nd Cheng 2000). Due to the level of
substitution being very low in AIN’, no distinct peak shifts are observed in the XRD traces,
which is also the case for TiN where only a low level of Si** for Ti*" is found.

For the remainder of this thesis, the variable solid-solution nature of these phases will be
explicitly referred to by the use of the prime symbol ( * ) added to the phase name (je. G/,
AIN', E'-phase or E'). Note that a' (ct-sialon) and 3' (B-sialon) are already differentiated as
solid-solutions of a-53,N, and P-Si;N,, respectively. As the exact compositon of these phases
is not known, the nominal stoichiometric formula will be used when describing the chemical
composition of these phase, for example when listing the phase composition in tables, unless

stated otherwise.

The results of some additional analyses of these CRIN powders is presented in the following
sections, after which a discussion of the significance of these results in terms of the CRN

process will be presented in Section 4.2.7.

4.2.4 Carbon Content of Selected Compositions

The difference in colour between various compositions, and between the surface and core
regions of some high-slag samples, was previously attributed to differences in the residual C-
content (Section 4.2.2). Carbon-black is amorphous and cannot be easily detected via XRD,
thus TGA was used to determine the weight loss due to oxidation of the C to CO,(g) in air
above 500°C. The tesults of residual C determination for selected compositions are preseated
in Table 4.3. All weight loss in the range 500-650°C is attributed to C bumout alone. Only.the
high-slag K33 sample expetienced an additional weight loss event of ~1.6 wt% at 300°C. This
may be due to the oxidation of unknown slag-based imputity phases that have remained in the
sample after firing.

There is no clear correlation between residual C and extent of o' formation via CRN. Ideally,
completion of the CRN reactions should involve the complete consumption of C and other
reactants from the starting batch to produce a final product consisting solely of «'. Here
however, the essentially single-phase &’ compositions K02 and K06 have higher residual C-
contents than that of other compositions that produced significant quantides of secondary
phases, such as the &’+G’ in K03, and the o'+E’ surface of the K09 pellct. Specimen colour

and residual C-content are thus not reliable indicators of the extent of CRN. This is because C
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consumption is not directly related to a-sialon formation. All powders after oxidation were

the same light-grey colout, similar to that of a'.

Table 4.3 Residual catbon content of selected K-series compositions after CRN for 12 hours at
1450°C as determined via TGA (inital C-content=25 wt%).

Sample Main Phases | Colour Before Residual
Present Oxidation Carbon (wt%)
KO1 o'(s) a-Si;N, (s) medium grey 0.80 £ 00.01
K02 o' (s) medium grey 1.60 + 0.01
K03 o' (s), G’ (aw) light prey 0.17 £ 0.01
K06 o' (8) light grey 0.80+ 0.01
K09- core a'(s), E'(m) medium grey 0.70 £ 0.01
K09-surface a’(s), E'(w) light grey 0
K33 E'(s), a'(vw) black 3.50 £ 0.01

Key to XRD intensity: s=strong, m=medium, mw=medium weak, w=weak, vw = very weak.

Carbon is consumed in the early stages of CRN by the formation of intermediate phases such
as SiO(g) and SiC(s), which are then required to further react with the liquid and N to produce
a-sialon. This process may be retarded, for example by a lack of sufficient liquid, thus o
formation will be hindercd despite full consumption of the carbon. This was seen in the K01
composition which contained very little residual C but displayed incomplete CRN; large
amounts of intermediate phases SiC and B' wete present after 12 hours of reaction (Figure

4.72).

The black powder from K33 did contain considerably more residual carbon-black (3.5 wt%)
than the lighter coloured powder produced from lower-slag compositions, amounting to 14%
of the initial 25 wt% C in the starting powder. This indicates that the C-consuming CRN
reactions did not proceed extensively in this kigh-slag composition, a fact aiso reflected by the
very low a' content produced. This suggests that higher temperatures or longer reaction time
may be required to achieve a greater extent of CRN and produce a' rather than E'-phase in

high-slag compositions.
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The complete removal of C from the surface of the pellet in high-slag compositdons such as
K09, together with the observed higher extent of o formed and the very low quantity of
secondary phases such as E’, indicates that the CRN reactions proceed more fully on the
surface of the pellets. This is dve to being in direct contact with the N, gas flow, which plays a
role in both providing reactant N for nitridation, and removing gaseous CRN by-products that
can impede the CRN reactions (Mazzoni, Aglietti, ¢/ o/ 1993). Therefore the surface of the
pellets have enhanced reactivity.

4.2.5 SEM Analysis of Selected CRN Powders

SEM micrographs representative of some of the powders produced after CRN at 1450°C are
presented in Figure 4.9. The powders were ultrasonically dispersed in ethanol, transferred onto

a brass stud and sputter coated with 2 conductive carbon layer.

The essentially single-phase &' products found in K02 and K06 are shown in Figure 4.9a, and
¢, respectively. The o' particles are genarally equiaxed and have a fine particle size of 0.5-1um,
forming in agglomerates up to 10um across, which is a similar size to the Ca-a’ grains
produced via CRN of lzboratory chemicals (Mitomo, Takeuchi, ¢f 2 1988; van Rutten,
Terpstra, ¢f a/. 1995), and also similar to the Mg-o’ sialons produced from talc and clay
mixtures (Zhang, Komeya, ¢/ 4/ 2000).

XRID analysis of the KO5 powder showed this composition to be a combination of o’ and G’
in equally sirong amounts. The powder consists mostly of equiaxed grains with 2 diameter of
~1 to 3um, with a few farge, irregular particles present as indicated in Figure 4.9b. No
distinctive morphological features of the gehienite formed in Ca-o'systems have Leen reported
in the literature, hence distinguishing between o and G’ is not possible via morphology alone,
and extensive EDXS analysis of individual particles was not performed here. This
composition produces more grains with a size >1um than the ather compositions, which may
correspond to geblenite particles rather than Ca-a'. The large, irregular grains have a
motphology that may correspond to gehlenite that has formed via crystallisation of the glass.

The XRD trace of the high-slap sample K19 showed that it contained mostly E'-phase
(CaAlSiN,) with only a minor amount of a' present, hence this abundance allowed
unambiguous identification of the E'-phase shown in Figure 4.9¢. E’-phase consists of large
plates ~10-15um in diameter and several microns thick, randomly onented in agglomerates up
tc 100um in size. In the 1:1 slag:clay-K K10 composition, (Figure 4.9d) the CRN product

phases are a ynixture of o and E' in roughly equal amounts, and the distinct particle
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morphologies of these two phases are clearly distinguishable; a large 40um agglomerate of E'-
phase plates is indicated, surrounded by smaller agglomerates of <ipum «' grains. These
o' grains are similar in size and morphology to those seen in the lowetr-slag K02 and K06
samples. An unidentified fibre phase is also present in this sample, and fibres have been
occasionally seen in other samples investigated in this investigation. Si;N,-whiskers are often
seen in varous CRIN systems, and are evidence of gas-phase reaction processes (Cho and
Charles 1991b).

Figure 4.9 SEM micrographs of various CRN powdess formed after firing for 12 hours at
1450°C: (a) K02 [a'], (b) K03 [o' +G'gehlenite], (c) K6 fo'}, (d) K10 fa'+E'], () K19 [E').
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AIN’ and other impurity phases such as FeSi’, TiN’ and SiC were not identified via SEM in

these samples due to their low concesntration in the final products.

The K06 composition was the highest slag-containing composition that formed essentially
single-phase o under the CRN conditions used, and was thereforc of greater interest than
K02 and adopted as the standard o'-forming composition throughout this investigation. SEM
analysis of various K06 CRN powders showed the formation of some unique o’ morphologies.
Hollow balls of a’, such as those shown in Figure 4.10a, were occasionally seen. These hollow
balls are 15-25pum in diameter and composed of several layers of ~fum o' grains, and are
mucn larger than the hollow balls produced by Hotta and co-workers via the CRN of
laboratory chemicals, which were 0.5um in diameter and composed of 30-50nm o' grains
(Hotta, Tatami, e a/. 2002). Rod-like ¢’ grains have also been observed (Figure 4.10b), which
maintain the sub-micron diameter of the a’ grains usually found in the K06 powder, but have
an elongation of up to ~2-3pm. These different o' morphologies were not the dominant
morphology produced from K06 powders after firing, and there was no clear indication as to
what caused them to be formed. However the possibility of forming o with unique

morphologies such as elongated &' grains via the CRN of slag and clay does exist.

Figure 410 SEM micrographs of K086 a-sialon powders with various morphologies () hollow
balis, (b) elongated o’ rods.
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Chemical analysis of the CRN powders was performed using EDXS in the SEM to gain some
compositonal information. EDXS spectra typical of o' particles in K06 and E'-phase plates
from K19 are given in Figure 4.11. Although it is not possible to accurately quantify the
compositions based on these results, a comparative analysis can be petformed using the
relative EDXS peak heights to estimate the composition. The AlSi:Ca peak height ratios for
ot-sialon and E’ are tabulated in Table 4.4. The detector efficiency for light elements such as O

and N is much lower than for the heavier elements, thus these anion species are considered

separately.
a) o b) E
Si Si
Al
1 Al Ca
Ca 1
NO " Aga NO Ca
0 1 2 3. keV 4' 5, sl 0 1 2 3 keV 5 6

Figure 4.11 EDXS spectra typical of (a) &' zains in K06 powder, (b) E’ plates in K19 powder.

Table 4.4 Typical element peak height ratios from EDXS spectra of particles in K06 and K33,

Particle ALSi:Ca peak O:N peak height
height ratio ratio
o-sialon (K06) 1:1.8: 0.3 1:24
' -phase (K33) 1:1.9: 09 1:2.0

The Al:Si:Ca peak height ratio for a-sialon is ~1:1.8:0.3 (Figure 4.11a), which is a Ca-a’ phase
that is Al-rich. This corresponds to EDXS spectra obtained by Wood from high Ca- and Al-
compositions (Wood 2001). It was thought CRN may allow the formation of 2 multi-cation
(Mg,Ca)-a-sialon in this Mg- and Ca-bearing system, however Ca is the only stabilising cation

detected in the o’ phase. Single-phase Mg-o'-sialon cannot be produced by reaction-sintering
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methods, and Wang and co-workers have shown that (Mg,Ca) multi-cation stabilised a-sialons
are also difficult to produce via reaction-sintering because Ca enters the &' structure in
preference to Mg; and even when the Mg:Ca ratio was 50:50 in the starting powders very little
Mg entered the o', the Mg preferring to form Mg-containing AIN-polytypoid phases such 21R
(Wang, Zhang, ez al. 1999). However, wotk on the CRN of Mg-bearing talc by Zhang and co-
workers showed that single-phase Mg-a-sialon could be produced by the CRN method
(Zhang, Komeya, ¢ 4/. 2000), thus it seemed possible that some of the ~6% Mg contained in
the slag could enter into the a-sialon formed via CRN here. The EDXS analysis shows that

this did not occur and the o' formed 1is simply a Ca-t-sialon.

EDXS spectra typical of E-phase plates have an AlSi:Ca ratio of ~1:2:1, which is different to
the 1:1:1 CaAlSiN, reported by Huang and co-workers (Huang, Sun, ¢/ o/ 1985), but
cotresponds to the ~1:2:1 repotted by Thompson (Thompson 1989). Correspondence with
the authors of the original work on E-phase suggested that various discrepancies were not
fully resolved at the time of publishing the results, and that the E-phase was seen to be more
St-rich than allowed by the assigned composition of CaAlSiN,. Cleatly, pure E-phase is not
well understood, and the potential for various substitutions in this slag-based system does not
allow a rigorous analysis to be performed here. The reported composition of CaAlSiN, will

continue to be used when referring to the nominal composition of E'-phase.

4.2,6 Calcium Content of a-sialon

Following the method described in Section 3.4.1.2, the o' lattice parameters 2 and ¢ for eight
of the a-containing compositions were determined via XRD. Estimates of the corresponding
m- and n-values that describe the a-sialon composition (Ca,,;,St2.maAl.OWNs) can be
determined from this data from the relations (van Rutten, Hintzen, o a/ 1996):

2 (&) = 7.749 + 0.0023n + 0.0673m [4.2a]
¢(A) = 5.632 - 0.0054n +0.0550m [4.2b]

The n-values not discussed here, because the m-value is the dominant term in these relations
and directly corresponds to the Ca-content of the a' phase. Only samples between K02 and
K19 were tested because K01 did not produce any a-sialon, and the higher slag compositions
K26 and K33 contained too little ' for accurate analysis. The cell parameters, estimate of m-

value and Ca-content for compositions K02 to K19 are listed in Table 4.5.
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Table 4.5 Calculated lattice pacameters, corresponding estimate of m- values and Ca-content
of a-sialon pr~duced from various slag:clay compositions.

K02 KO3 K05 K06 K09 K10 Kl4 K19
a(d) 71.897 7.879 7.885 791 7947 7.96 7.958 7.924
+0.003 +0.003 +0.011 +0.013 +0.004 0.006 +0.018 10.028
cd) 5.745 5.732 5.737 5.762 5.758 5.754 5.771 5.775
£0.003 0,003 +0.611 +0.014 +0.003 +0.006 +0.020 +0.035
2.16 1.90 1.99 2.39 2,77 3.00 2.96 2.86
- +0.001 +0.001 1+0.005 +0.006 +0.001 +0.003 +6.0: 10.01
Ca/unit 3
cell 1.08 0.95 1.00 1.20 1.39 1.50 1.48 1.43
(x=m/2)

The m-values determined fot the & produced hete ate considerably higuer than the m= 1.2
and m=1.8 reported for the Ca-a’ in other CRN studies (Metselaar, Exalto, & al 1996;
Mitomo, Takeuchi, ¢/ 2/ 1988), but less than the upper reported limit of m=2.8 for Ca-o'
produced via reaction-sintering (Huang, Sun, &7 o/, 1985). There is a trend towards increasing
m-value, ie. increasing Ca-content, with increasing slag:clay-K ratio of the samples from K02
to K10, although the gehlenite-forming compositions K03 and K05 appear to be anomalous
with this trend. The main factor promoting the increase in Ca-content of o with increasing
slag content is the higher Ca- and Al-content provided by the higher amount of slag in the
starting batch, allowing higher m-value @' to form. The Ca-content of the a-sialon in K03 and
K05 (m<2.0) is lower than in neighbouring compositions K02 and K06 (m>2.16) due to the
formation of the Ca- and Al-rich gehlenite phase {(nominally Ca,Al,Si0;), which consumes the
Al and Ca available for oo, However, despite the overall lower Ca-content determined for KO3
and K05, the general trend of increasing ::-value with increasing slag content is observed,

with the higher slug K05 producing 2 higher m-value Ca-o’ than KO03.

Increasing the slag content to that of KOG changed the phése behaviour such that E'-phase is
stable with @' rather than gehlenite. F'-phase (nominally CaAlISiN,) contains less Ca and Al
pet mol than gehlenite, hence thete is more Al and Ca available in the system to produce a
higher m-value o', Beyond K10, a slight decrease in the observed m-value is seen above
compositions K10, which may be due to increasing uncertainty in the caiculation srising ft ‘m

the relatively low o-content in these samples.
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4.2.7 Phase Fermation in the Slag—Clay-K sysiem

The resul, of the rrevious phase analysis allow the twelve slag and clay-K compositions to be
divided into three differeat regions of phase behaviour. The first region is occupied by the
lowest slag-containing samples K01 and K02 and is characterised by the formaton of o-5i,N,
in addition to a-sialon. The second distinct area of phase compatibility is represented by the
‘medium’ slag-containing compositions K03 and K0S, which produced gehlenite (G') as a
secondary phase, and the third, ‘high’ slag region encompasses all compositions K06 and

above which produced E'-phase (E} as the main companion to ot'.

It should be noted that kinetic factors may prevent the thermodynamically favoured phases
from being able to be forme: . ler the conditions used for CRN here, thus the phases
formed in this system may . >.cessanly be the thermodynamically predicted equilibrium
phases. The phase assembuy .i= - sed here is specific ro the CRN condition.; used of 1450°C,
12 hours of reaction, and N, flowing at 30€/hr. Alteting any of these conditions may result in
a different phase assembly being produced.

4.2.7.1 Iow-Slag Compositions KQI and KO2

Large quantities of phases known to be intermediate CRN products were detected in the
lowest slag K01 (0.10:1 slag:clay-K) sample, including B-sialon, SiC, and an amorphou- phase.
In addition, some SiO, quartz was detected in the sample, which is most probably a leftover
from the 17.6 wt% quartz component of clay-K; free quartz is known to remain uninvolved in
eatly-stages of CRN when producing B-sialon, being incorporated into ' only during the last
stages of reaction (Mazzoni, Aglietti, ef @/ 1993). The amorphous phase corresponds to liquid
formed at high temperatures (~1300-1400°C) from which the various CRN-derived phases
such as B'and o, ate precipitated. The large quantities of intermediate phases, the presence of
residual components from starting powder, the low proportion of o' formed, and the
conversion of most of the C to SiC, suggest that the CRN reactions have only just begun in
this K01 composition. The XRID trace in Figure 4.7a is essentially a snapshot of the system at
an early stage of CRN.

The lack of completion of the CRN reactions suggests that the reaction rate at 1450°C was
vety slow. Previcu, studies have shown that inadequate liquid formation during the CRN of
clays impedes the diffusive CRN reactions and prevents the full conversion of reactants to
sialon (Morrison, Maher, ¢/ @/ 1989). This is the situation in the KOl sample where the
composition is essentially pure clay-K {0.1:1 siag:clay-K) with very little slag to promote liquid
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formation. Moreover, the small amount of liquid formed in the clay-rick K01 sample will be
dominated by SiO,, and will thus have a higher viscosity than CaO-rich liquids produced in
higher slag compositions (Dumbaugh and Danielson 1986). This will further retard the CRN
process because high rates of diffusion are needed to allow the solution-precipitation of
product phases to occur through this liquid. The effects of SiO, enrichment on CRN are
further explored in Chapter 5.

In the current investigation, doubling the slag content to that of KC2 (0.19:1) appeats to
promote sufficient liquid formation for CRN, and no residual starting materals or known
intermediate oxynitride CRN products were found in any composition with this slag content

or higher.

a-Si;N, has not been seen in any previous studies of o’ formation via CRN, and it is not clear
whether the a-8i,N, detected in the K01 sample is from the unreacted a-51,N, seeds added to
the starting powder, or produced via CRN of SiO, within the liquid, which may occur
according to the reaction 3510, + 6C + 2N, —» SiN, + 6CO. The presence of o-Si;N, seeds
have been seen to promote this reaction by acting as nucleation sites for a-Si,N, formation
(Kang, Koteya, ¢/ a/. 1998). Results to be presented in Chapter 5 from the slag-clay-P system
show that a-Si;N, can in fact be produced as an intermediate CRN reaction product, and is
convertes to o with extended reaction times. Therefore it is possible that significantly
extending the reaction time of the K01 composition may allow a-sialon to be produced and
these intermediate phases consumed. Increasing the reaction temperature may also promote
an increased reaction rate and allow the reactions to proceed more fully, however the final
compatible phases that form during CRN are temperature dependent (van Rutten, Hintzen, ef
al. 2001), thus increasing the temperature may change the compatibility of phases eventually
produced via CRN of the K01 composition.

AIN' is a phase often found in equilibrium with Ca-a’ (Wood and Cheng 2000), and can be
formed duting CRN via the direct nitridaton of ALO, liberated from the transient liquid,
which cannot tedissolve back into the sialon solution (Higgins and Hendry 1987). No
crystalline AL,O; was detected in these samples. The TiN' and FeSi’ impurity phases seen in all
K-series compositions are formed from the TiO, and Fe,O, impurities present in both the
slag and clay-K. Their preserce in the KO1 products shows that they are formed 1w the very
early stages of CRN. Fe-Si has a low eutectic temperatare around 1212°C, and the Fe—Si liquid
that forms is known to catalyse the nitridation reactons, but is detrimental to the purity and

properties of CRN powders due to the residual, hard FeSi, particles (Boyer and Mouisen
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1978). TiN phases have been scen in the CRN products of various Ti-contaminated clays
(Fabbr and Dondi 1991). TiN can readily form from TiO, in the presence of Si,N, at
ternperatures above 1000°C, according to the redox reaction given in Equation 4.5 (Trigg and
McCartney 1981).

1/3 Si,N, + TiO, - TiN +8i0, +1/6 N,(g) [4.3]

TiO, has also been seen to react with AIN in a similar redox reaction to produce TiN and
AlLO, (Hong, Lumby, ¢z al. 1993). In the TiO,-containing slag system, TilN may be produced
after N has been incorporated into the system via redox reactions with a-St;N, or other
oxyaitride intermediate phases. The oxygen-rich product of this reaction will be either further

nitrided or simply remain in the glass.

The K02 composition (0.19:1 slag:clay-K) produced an essentially single-phase o' product,
with only ‘weak’ amounts of AIN' and o-Si,;N, present in addition to the TiN' and FeSi’
impurittes. The P-sialon intermediate phase was not detected, but a small amount of
intermediate SiC may remain in the sample. This composition therefore appears to have
undergone very extensive CRN, facilitated by doubling the slag content from that of K01,
providing more CaO and ALO, to the system which allows for the greater production of
lower-viscosity liquid, and thus enhznced Ca-a-sialon fotmation. The minor amount of -
SN, may be a metastable intermediate phase that can be converted to a-sialon with extended

reacton tmes, however this has not been determined.

It is possible to schematically represent the phases produced after CRN on a phase
compatibility diagram based on the Janecke prism as shown in Figure 2.3b. A maximum of
four phases are required to form the corners of a phase compatibility tetrahedron located
within this 3-dimensional representation of the Me-Al-5i-O-N system. The K02 composition
formed a-Si,N, a-sialon, AIN', and the residual grain boundary glass that is assumed to be
present. Hence the appropriate phase compatibility tetrahedron is bounded by the four phases
a-S3,N ~o'—AlN‘~glass, and is shown schematically in Figure 4.12. Recall that this diagram
does not represent true thermodynamic equilibrium, but what is essentially the ‘steady-state’
phase assembly of the system after 12 hours of reacton at 1450°C under N, flowing at
30€/hr. The K01 composition was cleatly not at steady-state, thus it is not possible to

accurately define an appropriate phase compatibility region for this composition.
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The insert in Figure 4.12 shows the approximate location of the K02 composition on the
ternary oxide end of the phase diagram, which is given in equivalent-%. The small amount of
MgO in the slag is included together with CaO when indicating the starting compositions in
these diagrams. It was seen in Section 4.2.5 that the final products of CRIN such as o' and B/
do not contain any of the ~6 wt”% MgO contributed to the starting batch by the slag, and
results in Chapter 7 will show that most of this Mg is lacated within the grain boundary glass,
with a very small amount contained in the AIN' solid-solution. In terms of glass formation,
MgO and CaQ are both alkaline earths which behave similarly, and are thus often considered
together (Dumbaugh and Danielson 1986).

8Cad ACal

SN,

AR
Figure 4.12 Schematic showing phase compatibility region for composition K02 after CRN for

12 hours at 1450°C. The insert shows the overall composition of the oxide starting powders.
Both diagrams are given in equivalent-%.

The dotted and dashed lines indicate the approximate boundaries of the glass and gehlenite
(G") phase regions, respectively. The exact width of these regions (ie. the range of glass-
forming compositions and the extent of G' solid-solution) are not precisely defined, nor is the
depth of penctration into the prism (ie. level of N incorporation). Therefore, the precise
location of the endpoint in the glass end is not accurately defined and is just shown
schematically in Figure 4.12. The G* phase region is located roughly within the potential glass-
forming region, which correlates to previous findings that gehlenite is the main devitfication

product of the grain boundasy glass in reaction-sintered Ca-ct-systems (Hewett, Cheng, ¢f al
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1998). The curve near o' indicates the approximate extent of the single-phase o’ region as

located on the a'-plane (Figure 2.3b). To avoid confusion, the a'-plane is not shown.

4.2.7.2_Medium-Slag Compositions KO3 and K05

Slightly increasing the slag:clay-K ratio from K02 (0.19:1) to K03 (0.34:1) produced an abrupt
change in phase behaviour; significant amounts of G’ (gehlenite C2,Al,Si0;) were produced in
addition to a-sialon, together with the minor AIN, TiN' and FeSi' phases. This discontinuity
in phase behaviour was also reflected in the m-values of the Ca-a' phases in these
compositions (Section 4.2.6); the m-values for K03 and K05 were both lower than for the
neighbouting compositions K02 and K06. Increasing the slag content from K03 to K05

decreased the proportion of o' in the system and boosted G’ formation.

As seen in the K01 sample, kinetic factors may prevent the CRN reactions reaching 100%
completion within the 12 hours provided for reaction. The very low residual C-content (0.17
wt%) and lack of clear evidence of intermediate SiC amongst the final phases suggests that the
CRN reactions have proceeded quite thoroughly in this composition, and CRN may be
essentially complete. It is still possible, however, that the G’ phase is 2 metastable intermediate
phase, and may be converted to o' with increasing reaction time. This will require residual C
or SiC formed during CRN to be present to further continue the CRN reactions. This
possibility was not directly investigated in this study, however the results of high-temperature
heat-treatrnents to be presented in Chapter 6 suggest that it may be possible because some SiC
is present within the powders after CRN, probably in an amorphous form within the glass,
which is invisible to XRD. The three phases a', G, AIN’, and a grain boundary glass define a
tetrahedral phase compaubility region for these medium-slag content compositions shown

schematically in Figure 4.13a.

Increasing the slag content further from K05 (0.47:1 slag:clay) to K06 (0.62:1) changed the
phase assembly such that E’-phase (nominally CaAlSiN,) was produced as the main secondary
phase to a'. The relevant phase compatibility region o'-E’~AIN'~glass is shown schematically
in Figure 4.13b. Comparing the phase regions defined in Figure 4.13a and b for the medium-
and high-slag compositions shows that they are essentally stacked vertically along the Ca axis,
which represents the direction of compositional change resulting from increasing the slag

content. Similadly, the o'~a-Si;N,~ADN’—glass phase region shown in Figure 4.12 for the low-
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a) Medium slag compositions K03 & K05

ShNy

4AIN

b} High slag compositions K06 —» K33

SN,

4AIN

Figure 4.13 Schematic showing phase compatibility regions for compositions (a) K03 and K05,
and (b) K06 to K33, after CRN for 12 hours at 1450°C. The inserts show the overall
compositions of the oxide starting powders. All diagrams are given in equivalent-%.

slag K02 sample lies below the o’~AIN‘~G'—glass tetrahedron. The two phase regions in

Figure 4.13 appear to shate a common triangular plane connecting o', AIN', and glass, which
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are phases common to both phase compatibility regions. However this may be an artefact of
the diagram; the composition of the grain boundary glass has been drawn to be the same for

all compositions, which may not be the case.

The K06 (0.62:1 slag:clay-K) composition produced a highly o' product, with only a small
amount of E'-phase formed, and further increasing the slag content of the compositions
produced greater amounts of E’ at the expense of o', Slag-rich compositions produce E’ in
preference to o' because E' {nominally 1:1:1 ALSi:Ca, but may be 1:2:1 via EDXS) is much
closer in composition to the ~1:1:1 AlSi:Ca ratio in the slag. «-Sialon formation requites a
considerably higher Si/Ca ratio than E'-phase, hence the success of relatively low-slag, high
clay-containing samples K02 and K06 in producing essentially single phase «’. This is a
disappointng result in terms of recycling the slag because these two successful a'-forming

compositions contain more clay than slag.

The high residual C content seen in the high-slag samples after firing (~3.5 wt% in K33)
indicates that the CRN reactions may not have gone to completion in high-slag compositions,
thus the E'-phase that dominates these CRN products may in fact be a metastable,
intermedtate CRN phase that is converted to o with extended firing times. Further evidence

of this metastability will be given in Chapter 6.

4.2.8 Summary

The main findings from this initial investigation of the 12 different slag+clay-K compositions

are:

* o-Stalon-containing powders were formed by carbothermal reduction-nitridation of
mixtures of slag and clay-K at 1450°C for 12 hours, across a wide range of

compositions ranging from 0.10:1 to 3.3:1 slag:clay-K molar ratio.

¢ Two compositions with molar slag:clay-K ratios of 0.19:1 (K02) and 0.62:1 (KO0G)
resulted in almost single-phase a-sialon powder. Compositions in between K02 and
K06 produced a gehlenite solid-solution (G’, nominally Ca,ALSiO;) in equilibrium
with o, and raising the slag content to K06 produced E/-phase (nominally CaAlSiN;)
as the secondary phase. AIN’ was detected in all samples, and a grain boundary glass
phase was also assumed to be present. Ti and Fe impuvities in the slag produced minor

amounts of TiN‘ and FeSi’ impurity phases.




Chapler 4 Fundamental Reaction Processes
During CRN of Slag and Clay Mixes

® The susfaces of the samples in direct contact with the flowing N, experienced a greater
extent of CRN than the interior core material, producing 2 higher yield of a'. This
showed that diffusion of N, into the pellet and removal of gas by-products are

important reaction parameters.

¢ The low-slag, Si-rich K01 composition displayed retarded reaction kinetics, showing
that the CRN reactions start before all of the teactants are fully melted, and that
intermediate CRN phases include B-sialon, SiC, and possibly a.-Si,N,.

® The most successful o’-forming compositions were K02 and K06, but these contained
mote clay-K than slag, by weight. From a commercial point of view, the higher slag-

containing K06 composition may be of most interest.

® The a-sialon produced via CRN was stabilised solely by Ca, with no Mg incorporated
into the structure. The Ca-content {m-value) of the Ca-a-sialon tended to increase
with higher slag content in the starting mixture. The Ca-a’ particles wete generally
~1um in diameter, and equizxed. Other phases produced in this system are also likely

to be solid-solutions.

4.3 Intermediate Phase Formation

The CRN reactions during intermediate stages of firing are investigated in this section to
provide greater insight into the CRN process. P'revious studies have shown that CRN occurs
via several stages, the first of which is the decomposition of the mineral reactants during
heating, followed by melting of the reactants and eatly stage CRN reactions at ~1300°C to
ptoduce intermediate oxynitride phases, followed by the late-stage CRN reactions and

production of equilibtium phases (Zhang, Komeya, ¢ 4/ 2000).

Three composiions were chosen for further investigation in this section; K06 (0.62:1
slag:clay-K), K10 (1:1) and K19 (1.9:1). With the desire to maximise the amount of slag used
to produce o', the focus is on high-slag-containing compositions. K06 produced essentally
single-phase o, as did K02, but is more slag rich and hence of greater interest. K19 was
chosen to investigate the factors that promote E'-phase formation rather than o' in vety slag-

rich compositions, and K10 has a slag content intermediate to these two compositions.
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4.3.1 Low Temperature Mineral Phase Changes During Heating in Air
4. ; cedure

This section investigates the first phase reactions during heating up to 1200°C. Previous
studies have shown that the only reactions occurring duting this low tempetature heating stage
are mineral decompositions reactions, which atre independent of the furnace atmosphere
(Mazzoni, Aglietti, e ol 1992b; Zhang, Komeya, ¢ a/ 2000), hence these reactions were
investigated using XRD and DTA performed in air. First, the phase transformations occurring
in the slag and clay were investigated individually, followed by an examination of mixtures of
slag and clay-K combined in the K06 {0.62:1) and K19 {0.19:1) molar ratios. Carbon and the
o-Si;N, seeds are also not expected to be involved in these mineral decotnposition reactions,
hence were not included in the samples. DTA was performed at 20°C/minute under flowing
compressed air; and XRD phase analysis was performed on larger samples of powdet heat
treated in a muffle furnace for 1 hour at various temperatures up to 1200°C, in air. Any
difference in the onset temperature for the observed phase transformations due to performing
the DTA in air and not N is not likely to be large or significant for the qualitative discussion

presented here.

4.3.1.2 Phase Transformations in Slag

A DTA trace and the XRD phase analysis of powders heat-treated at vatious temperatures in
air ate shown in Figute 4.14 and Table 4.6. There is significant baseline drift in DTA spectra
obtained from this apparatus but this does not affect the location of the recorded peaks. The
shape of the baseline is shown in the insert in Figure 4.14. Peaks above the baseline are from
exothermic reactions, and endothermic reactions lie below the baseline. Note that the
nominal, stoichiometric compositions of the phases are given, however these (Ca, Mg)-
aluminosilicate phases may all be solid-solutions with some deviaton from stoichiometry, as

previously discussed in Section 4.2.3.2.

The phases found in the XRD analysis of the heat-treated powders appear at lower
temperatures than the corresponding peaks in the DTA, which is a consequence of the
relatively fast heating rate used during DTA. This shifts the recorded temperature for the
DTA events to higher temperatures due to thermal lag during heating. The slag was held for
60 minutes in the fumace before air-cooling, which provided considerably greater time for the

phase transformations to proceed.

100




Chapler 4 Fundamental Reaction Processes
During CRN of Slag and Clay Mixes

Too

baseline

Slag

83 L 4

> T(°C)

1160

Figure 4.14 DTA curve of slag during heating in air. The insert shows the
shape of the baseline.

Table 4.6 XRD analysis of slag after heating in air for 1 hour at various temperatures.

Slag Holding Temperature (°C)
Phases:" 100 | 600 | 700 | 800 | 900 | 1000 | 1100 | 1200
gypsum (CaSO,.2H,0) s
anhydtite (CaSO,) $ ms m w w
merwinite (Ca;Mg(5i0,),) s
gehlenite (Ca,Al,Si0.) $ s S s
amorphous (estimate) s s s w vw | vw vwo| vw

:

Key to XRD intensity: s=strong, ms=medium-strong, m=medium, w=weak, vw = very weak.
* The nominal stoichiometric compositions are given but the phases may be solid-solutions.
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According to these results, the reactions occurring during heating of the slag are:

¢ Dehydration of the gypsum additon (CaSO4.2H,QO) above 100°C to form anhydrite
(CaSO,) and water.

e Gradual decomposition of the anhydrte (CaSiO,) between 600°C and 1000°C,
probably via dissociation into Ca, O and SO,(g). No crystalline CaO was detected in
these XRD spectra, which is most likely due to the Ca-O being dissolved into the

amorphous phase present at these temperatures.

* Merwinite (nominally Ca,Mg(5iO,),) was precipitated at 800°C, and was totally
consumed by the formation of gehlenite {(nominally Ca,Al,Si05) at 900°C, possibly via

redissolution into the (liquid) amorphous phase.

¢ (CaSO, dissociation is almost complete at 1000°C, but above 1100°C, G’ was the only
crystalline phase detected. A small amount of amorphous phase was present.

o Slag melted at ~1300°C.

4.3.1.3 Phase Transformations in Clay-K

The phase transformations occurring in kaolinite clays during heating have been very well
studied (Wendiandt 1986) thus detailed XRDD experiments wete not performed here. A DTA

trace of clay-K is presented in Figure 4.15, and contains the expected thermal events; at
~430°C kaolinite (ALSi,0,(OH),) decomposes to form amorphous metakaolin (ALSi,O,) and
water. From this amorphous state, mullite (AlS1,0,;) and Si0, crystobalite precipitate at

~1060°C. The quartz impurity remains uninvolved in these reactions.

Clay-K

326
1060

> TCC)

E Figure 4.15 DTA curve of clay-K during heating in air.
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4.3.1.4 Phase Transformations in Slag+Clay-K Mixtures

Slag+clay-K mixtures equivalent to the molar ratio in K06 (0.62:1) and K19 (0.19:1) were

subjected to DTA analysis and furnace heat treatments for XRD analysis, to determine their
interactiofis during heating. The results are shown in Figure 4.16 and Table 4.8 for K06, and
Figure 4.17 and Table 4.7 for the K19 composition.

In the 0.62:1 sample clay-K is the dominant reactant, therefore the typical kaolinite
decomposition reactions were observed, namely the loss of crystalline kaolin above >420°C,
and the precipitation of mullite and crystobalite at 970°C. An exothermic event detected via

DTA at 744°C remains unidentified.

The XRD results give evidence of several crystallisation events that are not clearly seen in the
DTA cutve. Gehlenite (nominally Ca,ALSIO;) was produced at 900°C, and appeared to be
consutmed by the increasing formation of anotthite (nominally CaAlSi,O,) above 1000°C.
Anorthite was not seen in the previous heat treatment of the pure slag, which may be because
it requires twice as much Si for formation as gehlenite, hence required the Si boost provided
by the addition of clay-K. Anorthite has been seen as a devitrification product of grain
boundarty glass in Ca-Al-Si-O and Ca-Al-Si-O-N systems (Thompson and Hendry 1991).
Merwinite, which was seen in the heat treatment of the pure slag at 800°C, was not formed in

this sample.

Mullite (Al Si,0,,) was precipitated at 970°C, which is a lower temperature than found for the
decomposition of the pure clay (1060°C). This is most likely due to a lowering of the energy
barrier to mullite crystallisation by the formation of a low temperature eutectic liquid in this
(Ca0, MgO)-ALO,-8i0, system. The SiO, quartz component of clay-K was unitvolved in
- these phase transformations between the slag and clay, and remained in ‘strong’ quantities up

to 1100°C, beyond which the quantity started to decrease, most probably due to dissolution

into the amotphous phase.

The 1.9:1 composition was siag-t:it:h, therefore the .slag-:elated phases seen previously in
Section 4.3.1.2 such as the amotphous hump, CaSO,, gehlenite, and merwinite were observed
at the same temperztutes as in the pure slag, but in smaller quantities. The clay-based
decomposition products mullite and crystobalite were more difficult to detect. Anorthite,

which was not detected in either of the pure reactants, was detected here at 1600°C.
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baseline

0.62:1

970

> T(°C)
1068

Figure 4.1 DTA curve of 0.62:1 slag:clay-K mixture during heating in air.
The insert shows the shape of the baseline.

Table 4.7 XRD analysis of 0.62:1 slag:clay-K mixture heated in ait.

K06 Holding Temperature (°C)
Phases:’ 400 ; 600 | 700 | 800 | 900 | 1000 { 1100 | 1200
anhydrite (CaSO,) mw w W w W w W
kaolinite (ALSi,O,(OH),)|[ s
quartz (8i0,) s s s s s s S ms
gehlenite (Ca,Al,Si0,) ms ms ms w
anorthite (CaAlSi,0;) vw mw $
crystobalite (510, ) w w
mullite (ALS1,0,;) vw w w
amorphous W w w w w W w

Key to XRD) intensity: s=strong, ms=medium-strong, m=medium, mw=medium weak, w=weak, vw = very
weak.
* The neminal stoichiometric compositions ate given but the phases may be solid-solutions.
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1.9:1

oo

1056

Figure 4.17 DTA curve of 1.9:1 slag:clay-K mixture duting heating in air. The insert shows the
shape of the baseline.

Table 4.8 XRD analysis of 1.9:1 slag:clay-K mixture heated in air at various temperatures,

Ki9

Holding Temperature (°C)

Phases:”

400

600

700

800

900

1000

{100

anhydtite (CaSO,)

nmw

mw

mw

mw

w

W

kaolinite
(ALSi,0:(OH),)

quartz (8i0,)

mw

mw

merwinite

(CaMg(Si0,),)

gehlenite (Ca,AlLSiO,)

anorthite (CaALSi,0)

muilite (AlSi,0,,)

amorphous

5

s

s

s

w

w

vw

Key to XRD intensity: s=strong, ms=medium-strong, m=medium, mw=medium weak, w=weak, vw = very

weak.

* The nominal stoichiometric compositions are given but the phases may be solid-solutions.

105



Chapter 4 Fundamental Reaction Processes
During CRN of Siag and Clay Mixes

Quartz from the clay-K was stable up to 800°C, but raising the temperature caused it to be
consumed by the amorphous phase. This is a lower temperature for quartz dissolution than
observed in the 0.62:1 mixture, where it was stable up to 1100°C. This shows that the liquid
formed from the higher slag (ie. higher CaO, MgO, Al,O,) compositions is more reactive at
lower temperatures than the SiO,-rich liquid produced when clay dominates the composition.
The quartz is thus more stable in SiO,-rich compositions, which explains the detection of
residnal quartz in the lowest slag K01 composition (Section 4.2.3) at 1450°C after 12 hours of

reaction.

4.3.2 CRN Reaction Sequence

The previous section investigated the phase reactions during heating in air to 1200°C, which
were not expected to involve C, ¢-Si;N,, or N. At temperatures above 1200°C CRN reactions
involving N will start to produce N-containing phases. Thetefore the investigation of the
higher temperature CRN reactions must involve the complete slag-clay-C-Si,N, batch mixture,
fired as per the standard CRN process parameters used previously: N, flowing at 30£/hr and a
holding temperature of 1450°C. The standard K06, K10, and K19 compositions wete
prepared and fired according to schedule given in Section 3.3.1.2, halting the firings at various
stages between 1000°C and 1450°C to determine the phases present at intermediate stages of
CRN. This is aimed at developing a good understanding of the reaction sequence and phase

evolution in various high-slag compositions during CRN.

XRD phase analyses of the products formed from the three composittons are presented in
Tables 493, b, and ¢, for K06, K10, and K19, respectively. Note that the amotphous phase
cannot be easily quantified, thus its presence is only be indicated as ‘strong’ or ‘weak’. Except
for the presence of the additional o-Si,N, seeds, the phases formed in the K06 and K19
compositions fired in N, between 1000°C and 1200°C, are seen to be the same as those
observed in the heat treatments of slag and clay mixtures in air (Section 4.3.1.4). This validates
the previous assumption that the initial reactions dudng heating are thermally activated
interacdons between the slag and clay only. A discussion of the reactions observed above

1200°C for the three compositions are presented in the following sections.

4.3.21 Intermedia, tions in Contpostli

Some XRD traces taken of powders halted at various stages during the CRN reaction
sequence for composition K06 are presented in Figure 4.18. As seen in the previous section,

heating the K06 (0.62:1 slagiclay-K) composition to 1200°C produces the oxide phases
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anorthite (CaAl,S1,0y), gehlenite (Ca,ALSIO,), mullite (ALSi;0,), and crystobalite (Si0,) from
reactions between the slag and kaolinite in clay-K. Free quartz from the clay-K, the a-Si;N,
seeding addition, and a small amount of the FeSi’ impurity phase are the only other phases
found at 1200°C (Table 4.9a), in addition to a small amount of an amorphous phase that was
bately visible in the XRD.

By 1300°C, melting of the reactants has started and a large amount of liquid is produced via
meldng of the oxides gehlenite, mullite and crystobalite, which are no longer detectable via
XRD (Figure 4.1 8).~ Anorthite and a small amount of quartz are siill present at this stage.
Melting continues up to 1400°C, consuming the anorthite and quaztz such that the amorphous
phase now dominates the XRD trace, and the crystalline peaks ate broad and have low overall
counts. At this temperature, no crystalline oxide phases are detected in the XRD, and the first
N-containing products B-sialon, M-phase (nominally Ca,AlSi,O,N;), Ca-o', and TiN', are
formed (Figure 4.18). This shows that at this temperature, N from the furnace atmosphere has
been incorporated into the liquid via CRN teactions, and the first precipitation of oxynitride
ctystalline phases has begun. The onset of CRN for the K06 composition is therefore between
1300 and 1400°C.

M-phase (2CaO- AIN-Si;N,) is a metastable oxynitride phase reported in the literature to be
stable up to 1400°C in reaction-sintered Ca-o-sialon systems {van Rutten, Hintzen, ¢/ 4/ 1996)
and up to 1450°C during the hot-pressing of 2CaO:AIN:Si,N,, beyond which it decomposes
to E'-phase (CaAlSIN,), AIN, and glass (Huang, Sun, ¢ 4/ 1985). As with sost crystalline
phases in this system, the M-phase is likely to be a solid-solution, and therefore is designated
M. B-Sialon has been noted as 2 common intermediate phase to ' in previous CRN studies,
and the small displacement of the B XRD peaks relative to 8-5i,N, (equivalent to a z=0 ')
indicates that the 3 phase was of a low z-value, ie. low Al-{ content. It was also a relatively
short-lived intermediate phase, being detected only during heattng at 1400°C and 1450°C;
after 30 minutes of holding at 1450°C f3' could no longer be detected. No other intermediate
phases previously reported to form during the CRN of o such as Si,N,O, X-phase, AION, or
crystalline SiC, were detected here, however the broad nature of many of the peaks, and the
large extent of peak overlap indicate that minor amounts of these or other phases, perhaps

poorly ctystallised, may be present but are unable to be cleatly identified.
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Table 4.9a XRD phase analysis of samples taken at various intermediate points between 1000-1450°C during firing of composition K06.

K06 Temp (°C)| 1000 | §100 | 1200 | 1300 | 3400 | 1450 | 1450 1450 NI 1450
HoldTime:! tmin | Imin | Imin { Imin ] !min | imin | 30min 3 hrs \\\\&\%\\ 12 hrs
Phase: {nominal composition) | core core core core core core § core | surf core ‘ core R N

a-Si)N, | mw | mw | mw | ow | mw |mvew| w \\ \\\\: k\\\}
quartz $i0y) s $ ms mw \\ \\N &\\\\
gehienite (Ca,ALSIO,) ms mw w \\ \\\§ @
Y\Q
N\

f

anorthite  (CaAlLSi0,) w mw s s

crystobalite (5i0,) yw vw w & N N
mullite  (ALSi,0,) vw | ow w ' \%\ N\ N
amorphous (3/w only) w w w s s s w | w | w & \\\:\: N
Bialon ms | w NHk
M'-phase (Ca,AlSi;O,N,) mw ms | 1os i N\

AIN' w

= | N\
E-phase  (CaAlSiN,) * = NI
Ca-a-sialon mw | ms| s s \\\Q\\\\\&\\t 5 &\
TN * 1@ 1w+ NI

FeSi’ VW W vw vw vw | vw k \Q

? = unidentificd phase wo| v vw w w w | vw | vwivw N&\‘%

Key to XRI smtensity: s=strong, ms=medivm-strong, m=medium, mw=medium weak, w=wezk, vw = very weak.

413 |3

* The nomunal stoichiometnc compositions are given but the phases may be solid-solutions.
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Table 4.95 XRD phase analysis of samples taken at various intermediate points between 1000-1450°C during fiting of composition K10,

K10 Temp (°C )NRQY 1100 | 1200 | 1300 | 1400 | 1450 | 1450 1450

Hold Time: NXRRY min [ tmin | imin [ 1min | tmin | 30min & hrs
Phase”: (nominal composition} RURRN core | core | core | core | core | core| surf RN core | surf
a-Si;N, m mw mw mw w w w | vw \
quartz  (Si0) NN
gehlenite  (C2ALSI0) NN
anorthite  (CaAlLSi,0,) mw s s
crystobalite {5i0,) ——~—-—§
mullite (AL S5i,0,) m w v
amotphous (s/w only) N w w W s s w | w
B-sialon N w vw
M'-phase  (Ca,A1Si;0,N) NN w | w |mw] w
AIN' &\E vw | vw vw | vw | vw
E’-phase (CaAlSiN,) N s ms | mw | ms
Ca-a-sialon N w w |mwj s $ $ s S
TiN' N vw W vw o[ vw | vw | vw vw | vw | vw
FeSi’ \\\\\\Q vw vw w vw | vw vw vw | vw | vw
? = unidentified phase m W w vw W w ivw | vw YW YW | YW

Key to XRD intensity: s=sirong, ms=medium-sirong, m=medium, mw=medium weak, w=weak, vw = very weak.
* The nominal stoichiometric compositions are given but the phases may be solid-solutons..
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Table 4.9¢ XRD phase analysis of samples taken a¢ various intermediate points between 1000-1450°C during fiting of composition K19.

Ki9 Temp (°C)| 1000 | 1100 | 1200 | 1300 | 1400 | 1450 1450 1450 i450 1450
HoldTime:| Imin | Imin | Imin | Imin | Imin { | min 30 min 3hrs l?. hrs 6 hrs
Phase:(nominal composition) | core | core | core | core | core | core |core | surf | core | core R N core N
a-Si;N, mw | mw | mw | mv | mw | mw | w \\\\\‘\\\ &
quartz (510,) m m mw \Q:k\\q &\\
gehlenite (Ca,ALSIO,) 1s s s s s ms | w |vw | vw &\\\&\\ ®
anorthite  (CaALSi,0,) mw | mw | mw \\\Q\\%& NN
crystobalite  (S5i0,) \\\\\?ﬂg\i\iﬁ\ &\
mullite (ALSi,0,;) &\\\\‘\\1%&\‘\: N
amorphous (s/w only) w w $ s w s w | s &\\k\\\ &\%
B-sialon ) vw R Q\\\\' N
M'-phase  (Ca,AlSi,O,N;) W ms |ms| m Q{\\\%\: N )
AIN' mv | w | w|w &\\\‘\\\: w \\\
E.phase  (CaAlSiN,) w | s &\\\\t&\ @
Ca-a-sialon vw W m| s |w Q Q w :%&\\\\%
TilN' W w vw | vw | w &\‘\:
FeSi' vw vw vw vw | vw | vw | vw \\ &\\:
? = unidentified phase vw i vw | vw | vw vw w o |vw | vw | vw \\A\\ ®

Key to XRD intensity: s=strong, ms=medium-strong, m=medium, mw=medium weak, w=weak, vw = very weak.

* The nominal stoichiometric compositions are given but the phases may be solid-solutions.
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Ca-g-sialon was first detected at 1400°C, together with the intermediate phases f and M". It is
possible that the dissolution of B’ and M’ phases into the liquid was followed by precipitation
of o', but it is also possible that the first o' was precipitated from reaction between just the o-
Si;N, seeds and the Ca-Al-5i-O-N liquid, and did not involve these intermediate phases. The
role of the o-5i)N, seeds remains unclear; they may provide nucleation sites for o’, or may be
dissolved into the liquid and be a reactant for o’ formation. ', M’, and oc—S‘ig,N4 are all present
after 30 minutes of reaction at 1450°C, though only the M’-phase is still detected after 3 hours,
which suggests that the production of &' occurs via the further formation of intermediate M'-

phase once the a-S1,N, seeds are exhausted.

AIN' was first detected once the sample had reached 1450°C, although peak ovetlap with M’
makes identification difficult. After 30 minutes, E’-phase was also detected for the first time,
but only on the surface of the pellet. The CRN reactions proceeded more rapidly on the
surface, with mote Ca-o¢' and E', less M', and no a-5i,N, detected on the surface when

compared to the core.

In the study by van Rutten and co-workers, the process by which the intermediate 8’ was
converted to o’ was seen to be a CRN reaction between f', C, and the Ca-Al-5i-O-N liquid, as

given in Equation 4.4 (van Rutten, Terpstra, ¢ o/ 1995).
0.8 CaO + 2 51, (Al O, N+ 24 C +0.8 N, > Cay S (Al (OgglNys, + 24 CO  [4.4]

This CRN process relies on solution-precipitation: the f'- phase and additional N are
dissolved into the liquid, from which o is subsequently precipitated. A similar process is likely
to operate in slag+clay-K system studied here, whereby the intermediate 8’ and M'-phases are
converted to o' by continued CRN reactions involving solution-precipitation from the liquid

phase.

After 3 hours of reaction, phase formation appears complete; no intermediate phases are
detected, and the sample is predominantly ¢’ plus a small amount of E', AIN', and glass.
Increasing the reaction time to 12 hours produced a small decrease in the quantity of E' in the
sample, suggesting that the E’-phase is in fact a metastable phase that can be slowly converted
to o' with increasing reaction time, ie. it is an intermediate CRN product that remains amongst

the final products after CRN at 1450°C for 12 hours due to incomplete conversion to o',

i1




Chapler 4 Fundamenial Reaction Processes
During CRN of Slag and Clay Mixes

4.3.2.2 Intermediate Reactions in Composition K10

The XRD phase analysis for the K10 (1.0:1 slag:clay-K) composition was given in Table 4.9b.
K10 behaved very similarly to K06 during heating; melting of the oxides and the onset of

CRN occutred at temperatures between 1300 and 1400°C producing TiN’, §', M, and Ca-o'
by 1400°C. AIN' was first seen when the sample reached 1450°C; but B’ was barely detectable.
M'-phase was present for at least the first 30 minutes at 1450°C, and the Ca-a'—content
increased with increasing time at 1450°C, The main difference to the K06 sample is that E'

was not detected in the sample fired for 30 minutes, but was present after 3 hours at 1450°C.

The K10 composition was the only sample analysed after holding at 1450°C for 6 hours. As
with the K06 sample, increasing the reaction from 3 to 6 hours decreased the amount of E' in
the products, but further extending the finng time from 6 to 12 hours at 1450°C did not
appear to result in a significant change in relative phase content. This suggests that 6 hours
may be adequate for CRN at 1450°C. Again, the reactions appeared more complete on the
surface of the pellets, with the final products all found after shorter reaction times, and more

Ca-o’ and less E' present after 12 houts.

4.3.2.3 Intermediate Reacirons in Composition K19

The XRD phase analysis for the K19 (1.9:1 slag:clay-K) composition was given in Table 4.9¢,
and XRD traces taken at various stages during reaction are presented in Figure 4.19. The high-
slag K19 composition displayed essentially the same reaction processes as K06 and K10 with
one difference; the oxynitride liquid formed at 1400°C crystallised during cooling to produce
gehlenite, which was seen in all XRD traces from samples taken after reaching 1400°C.

At 1300°C, a large amount of liquid was produced with the main oxide phases (in this case
gehlenite and anorthite) remaining undissolved in this liquid. Recall that Ca-rich gehlenite
(Ca,ALS10,) was favoured over Si-rich anorthite (CaAlLSi,O) when heating the slag rich K19
composition in air (Section 4.3.1.4), and that quartz dissolution occurs at lower temperatures
into the Ca, Mg, and Al-rich liquid produced in this sample. According to the results seen for
the K06 and K10 compositions, further heating to 1400°C shouid cause the production of a
large amount of liquid (the large 2amorphous hump in the XRD) and oxynitride CRN products
B, M’, and Ca-c, all of which will precipitate from this N-rich liquid. However in the K19
composition, the XRD reveals only ‘very weak’ amounts of the amorphous phase and
oxynitride CRN products (Figure 4.19), with crystalline gehlenite (nominally Ca,AlSiO,)

dominating the phase assembly.
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Figure 4.18 XRD traces from samples taken at various intermediate points between 1300-
1450°C during firing of composition K06.
[Key: a=c-SisNi, A=AIN', o’ =Ca-0-siaion, B'=p-sialon, E=E'-phase, F=FeSi’, M=M'-phase,
N=anorthite, Q=quartz, T=TiN’, ?=unidentified].
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Figure 4.19 XRD traces from samples taken at vatious intermediate points between 1300-

1450°C dusing firing of composition K19.

[Key: a=a-SisNi, A=AIN', o'=Ca-q-sialon, §'=3-sialon, E=E'-phase, F=FeSi', G=gehlenite,

M=M'-phase,

=anorthite, T=TIN', Q=quartz, ?=unidentified].
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Gehlenite has been detected as the main devitrification product of high Ca compositions in
the Ca-u-sialon system (Wood and Cheng 2000) and was the dominant phase ctystallised from
the pure slag and the K19 high-slag composition during heating (Secdon 4.3.1.4). The glass
produced in this higher slag composition is thus closer in composition to gehlenite thao that
in the lower-slag samples, and was able to crystallise during the slow 3°C/min cooling in the
furnace. The presence of oxynitride phases precipitated from the liquid at 1400°C shows that
N has been incorporated into this liquid, and thus the gehlenite crystallised from it will be
expected to be a N-containing gehlenite, G', (fe. Ca,Al,,Si,,,0,,N)).

This is a different phase to the pure oxide gehlenite (nominally Ca,ALSiO;) formed via
interactions between the slag and clay during heating between 900 and 1300°C, which

subsequently melts to produce the liquid.

The large amount of G' formed at 1400°C indicates that as with the K06 and K10
compositions, a large amount of liquid is present at this temperature from which the ', M’
and a' phases are precipitated. The amount of G’ seen in the XRD traces taken from further
stages of reaction decreases with time spent at 1450°C, demonstrating that the liquid formed
in the system is consumed by the continuing CRN reactions. A small peak corresponding to
the 100% intense G’ peak at ~31.4° remains in the XRD trace, even after 12 hours. In fact, a
closer inspection of the XRID scans from varous K-series compositions produced after 12
hours of CRN (Figure 4.7) shows that an unidentified peak at ~31.4° is present in most XRD
traces from high-slag compositions K10 and above, which can now be attributed to G’
devitrified from the glass upon cooling. This G’ is not considered to be a CRN product phase,
thus does not alter the phase compatibility behaviour of the high-slag compositions descrabed
in Section 4.2.7. However, the G’ formed in the medium-slag K03 and K05 compositions is a
CRN product phase and cannot be the devitrification product of glass; an extremely large
amount of liquid would be required to produce such a high amount of G', and the lack of any
other CRN intermediate phases found together with G’ suggests that the CRN reactions have
progressed quite thoroughly in this sample, with o and G’ being the CRN product phases

Again, the reactions on the surface proceeded faster than in the cote of the pellets, and after 3
hours of reaction the final phase assembly of E’ and ‘weak’ amounts of &' and AIN' were

produced, with no significant change observed after the full 12 hours was complete.
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4.3.24 Surface/ Core Effect and Influence of Reaction Kinetics

The enhanced rate of reaction observed on the surface of the pellets when compared to the
core is unsurprising due to the dual role played by the N, gas; it both delivers the reactant N
to the pellet, and removes gaseous CRN by-products and theteby encourages further CRN.
Wotk by Higgins and Hendty on the CRN of kaolinite clay for B-sialon production showed
that CRN proceeds via reversible equilibrium treactions which
produce gaseous reaction products (Higgins and Hendty 1986). For example, the
catbothermal reduction of free SiO, to SiC proceeds via a gas phase process described by
Equations 4.5a and b, and the CRN of mullite to B-sialon occurs via Equation 4.6. Nitridation
is favoured by high partial pressures of SiO(g) and low partial pressures of CO(g), and it has
been shown in the work by Higgins and Hendry that there exists a maximum CO-content
above which the reaction for the reduction of mullite is reversed and B-sialon is not formed.
Therefore the CO(g) must be continuously removed to encourage the CRN product

formation, rather than the reverse reaction.

SiO, + C < Si0(g) + CO(@) [4.5a]
SiO(g) + C & SiC(s) + COg) [4.5b)
3A1,0,2810, + 4 SiC + 3 C + 5N, & 2 Si,ALON, + 7 CO(g) [4.6)

The cotes of the pellets expetience telatively lower N penetration due to the gas having to
diffuse through the dense compact, resulting in less efficient removal of CO in the core, and
the higher p[CO] (CO partial pressure) impedes the nitridatton process. The CO formed on
the surface will be removed much more efficiently by the free-flowing gas, but the heavier
SiO(g) will not be swept away as easily, thus increasing the relative p[SiO] at the surface and
promoting the nitridation reactions. This accounts for the more rapid formation of final CRN
products such as o' seen on the surface of the all pellets, even after only 30 minutes at
1450°C. The lower quantity of E' formed on the surface of these pellets further demonstrates
that E’ is a metastable, intermediate CRN product, which can be converted to o’ under
conditions where CRN is enhanced. It would therefore be expected that firing the powders
without pressing would promote the yield of o', and preliminary work in this system suggests
that this is true. This will be investigated further in Chapter 6.

4.3.3 Summary

The previous results show that the CRN reaction process is fundamentally the same in all
three slag+clay-K mixtures and consists of three stages:
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1) Initial reactions [R.T.—»1300°C]
These reactions during heating involve the thermal decomposition of the mineral teactants

and subsequent crystallisation of various oxide phases. This process has two stages:

® loss of physical and structural water and decomposition of the clay and gypsum
between 100 and 600°C;

¢ precipitation of various crystalline phases merwinite, gehlenite, anorthite, mullite, and
crystobalite, between 800°C and 1000°C. In lower slag compositions anorthite
(nominally CaAlSt,0y) is the main phase produced, and in higher slag compositions
gehlenite (nominally Ca,ALSiO,) is the dominant phase.

2) Meliing and early stage CRN [1300-1400°C]

The previously formed oxide phases melt above 1300°C to form a liquid, and N is
incorporated into this liquid via CRN reactions. Intermediate oxynitride phases B-sialon and

M’-phase are precipitated, as well as the first Ca-«t’ and the TIN' impurity phase.

3) Final nitride product formation [1450°C]

The intermediate phases are gradually consumed for final product formadon. ' is no longer
produced, and the intermediate B’ and M’ are converted to E', AIN’, and Ca-a-stalon. The E'
and AIN' phases may in fact be intermediate phases that have not yet been converted to o'
and thus appear amongst the final ‘steady stace’ products of CRN after 12 hours at 1450°C.
The inital rate of final product formation varies with composition, however 6 hours at
1450°C may be adequate for completion of the CRN reactions at 1450°C in this system. The

reactions proceed faster on the surface of the pellets, due to greater contact with the N, gas.

4.4 Conclusions for Chapter Four

This chapter presented the results of the furst detailed investigaton into using CRN to
produce a-sialon from mixtures of slag and clay. The main conclusions to be drawn from this

chapter are:

e @-Sialon can be produced from mixtures of slag and a kaolinite (clay-K) across a wide
range of compositions ranging from 0.19—3.3:1 slagiclay-K (molar ratio), after 12
hours of reaction at 1450°C under N, flowing at 30€/hr. The most successful

compositions that produced predominantly single-phase o' powders were K02 {0.19:1
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slag:clay-K) and K06 (0.62:1), both of which were clay rich. The main secondary
phases found in these two compositions were a-Si,N,, AIN’ and glass for K02, and E'-
phase (nominally CaAISiN,), AIN’ and glass for K06. Imputity phases FeSi’ and TiN’
were also formed from the impurities present in the slag and clay. The crystalline

products were all solid-solutions with some deviation from the defined stoichiometry.

The slag content of the composition greatly influences the final phases formed; slag
contents higher than K02 but below K06 produced gehlenite (G’, nominally
Ca,AlLS10;) as the main secondary phase to o', and E'-phase is produced in increasing
amounts as the slag content is raised above K06 (0.62:1). CRN of the K01 (0.10:1)
shag:clay-K sample which contained the lowest quantity of slag could not be completed
within 12 hours of reaction at 1450°C. This is thought to be due to retarded reaction

kinetics in this SiO, -rich composition.

‘The kinetics of the CRN reactions are controlled by both the composition and access
to the flowing N, gas stream; the surfaces of the compacted powders exposed to the
N;, gas flow displayed a greater ability to produce a-sialon more rapidly than in the

core of the pellets, where the diffusion of gaseous species was hindered.

The CRN reaction process consists of three stages: 1) decomposition of the oxide
reactants and phase transformations duting heating to 1300°C, 2) melting of the oxide
phases and early stage CRN between 1300 and 1400°C to produce the first oxynitride
phases, and 3) final product formation and elimination of intermediate phases with
extended holding time at the maximum reaction temperature (1450°C). During Stage
1, the melting, dissolution, and reprecipitation of various Ca-Mg-Al-Si-O phases does
not involve N, C, or the a-Si,N, seeds. A low z-value P-sialon and M'-phase
(nominally Ca,AlSi,;O,N,) are the two main intermediate phases produced during Stage
2 of CRN, and are tapidly consumed for continued o' formation in Stage 3. The G/, E
and AIN' found in the fina! products may also be metastable intermediate CRN phases

unable to be converted to o' under the conditions used.

The o' produced from the slag and clay mixtures is stabilised only by Ca, and forms as
genetally sub-micron, equiaxed grains. The Ca-content {(m-value) of the o’ tends to
increase with increasing slag content of the system. The E'-phase formed in high-slag

compositions K06 and above has a coarse, plate-like morphology.
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Chapter Five

tifect of Using Concentrated Sources of Silica on the
Garhothermal Reduction-Nitridation of Slag

The previous chapter has established that a wide range of slag+clay-K mixtures can be reacted
at 1450°C to produce powders containing a-sialon via CRN. Of the twelve compositions
tested, however, oaly two were effective in producing nearly single-phase a”: K02 (0.19:1
slag:clay-K) and K06 (0.62:1). Both of these compositions contain more clay-K than slag by
weight, highlighting the role of clay in boosting the SiO,-content of the system to allow the
formation of Si-rich . It is desired in this investigation, however, to tecycle as much slag as
possible, hence it was thought that it might be possible to minimise the amount of clay added
and use more slag in the compositions if clay-K was replaced with a more concentrated source
of §i0,. Accordingly, two alterative SiO,-rich additives were proposed: pyrophyllite clay and
sand. Various compositions containing these two SiO,-rich additives were fired for CRN, and

the effects on the CRN process and final phase formation are presented in this chapter.

5.1 Analysis of the Raw Materials and Experimental Procedure

A description of the two alternative SiO;-additives is preseated here, followed by details
regarding the composition selection and the firing conditions used for experiments in ths
chapter. A full chemical analysis of all the SiO,-additives was given previously in Table 3.1,

and this information is summ-~:ised in Table 5.1 below.

Table 5.1 Summary of the composition of the SiO;-additives used in this investigation.

SiO ALO Volatiles
$iO,-additive (‘:ﬂ;) iz | (HO&LON | Others
(wt%)
clay-K (kaolinite} | 53.3 (17.6% quartz) 30.3 114 5.0
clay-P (pyrophyillite) } 76.7 (5.1% quartz} 17.9 3.8 1.6
sand (quartz) 99.7 0.1 0.1 0.1
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5.1.1 Clay-P (Pyrophyllite)

Pyrophyllite (4510, AL,O;-H,0) is the main constituent of clay-P, and despite containing twice
as much SiO, per mol as kaolinite (the main component of clay-K), the overall SiO,-content is
not double that of clay-K due to the high level of quartz impurity in clay-K. Clay-P contains
76.7 wt”% S0, in the as-received state compared to 53.3 wit% in clay-K, with quarez
accounting for 5.1 wt% of this SiO,. When using clay-P to provide the same SiO,-content
(wt%o) as was provided by clay-K, the lower Al,O, and moisture content allows a smaller mass

of this clay to be used.

An XRD trace of clay-P is given in Figure 5.1. As mentioned when discussing the XRD trace
of clay-K (Figure 4.3), quartz is a very strongly diffracting phase even in small amounts, and
the quartz peaks in clay-P dominate the XRD trace (Figure 5.1). All of the unlabelled peaks
correspond to pyrophyllite. The low, broad nature of the pyrophyllite XRID peaks ate a result
of the high degree of stacking irregularities which is common in natural pyrophyllite (Brindley
and Brown 1984). The SEM micrograph (Figure 5.2a) shows that the patticles are generally
flat plates with a particls size ~2um, which is larger than that of clay-K.

15 20 25 0 35 40 206 45 50 55 80 65 70

Figure 5.1 XRD trace of clay-P. The peaks corresponding to $iO: quartz are indicated (*Q’);
all other peaks correspond to pyrophyillite.
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5.1.2 Sand (Quattz)

Sand is a mineral soutce of pure (99.7%) SiQ, quartz. The sand used here had an as-received
patticle size of ~mm which was ceduced by apgressive ball milling in aleohol for 72 hours. A 1

wide particle size distribution was produced, ranging from <{pm to a maximum of ~300pm.

An XRD trace of the milled sand is given in Figure 5.3, and an SEM mage in Figuee 5.2b. The
SEM mictograph shows the smaller particles have a fractured appearance from the ball

milling.

Figure 5.2 SEM micrographs of (a) pyrophyllite clay-P, (b) milled sand.

Lounts

AA b Db k A A -

15 20 25 30 35 40 20 a5 50 55 60 85 70

Figure 5.3 XRD trace of sand after milling. Al peaks cotrespond to SiO; quartz.

121




Chapter 5

ENect of Using Concenlrated Sources of Silica on CRN

5.1.3 Composition Sclection and Fiting

‘Three K-series compositions wete chosen for emulation using clay-P and sand: the
compositions K02 (0.19:1 shagclay-K) and K06 (0.62:1) which previously formed neatly
single-phase o, and the equivalent of 1.5:1 shgiclay-K. This was composition not actually
investi o in the K-series (the nearest being 1.4:1 K14) but which was chosen here to
represent a reasonably high slag-containing composition. The amouat of clay-P or sand to be
added to the slag was caleulated such that the overall SiOy-content of the K-seties
compositions was maintained. The «-8iN, sceding level was fixed at 6.3 wi% of the total
batch weight for the clay-P samples, which was the average seeding level used in the K-series
compositions, and 10 wt% for the sand samples where it was thought that more assistance via

secding may be required.

The same nomenclature used for the K-sertes will be used for these compositions: Pxx refers
to the clay-P samples (P-series), and Sxx refers to the sand samples (S-series) with xx denoting
10x the slag:additive molar ratio. The K series base compositions and the clay-P and sand
equivalents are listed in Table 5.2, The proportion of slag, in terms of the mass percent of the

two component slag:additive mixture is also listed.

Table 5.2 Molar ratios of K-seties and equivalent P- and S-series compositions, and slag
content as a function of just the slag and $i0;-additive,

slag:clay-K basis slag:clay-P equivalent slag:sand equivalent
molar ratio molar ratio molar ratio
[wi9% slag / (stag+clay)) [wt96 slag / (stag +clay)] [wt9% s!ag / (slag+sand)]

0.19:1 (KO2) 0.25:1 (P02) 0.31:1 (S03)

[14.5 wt% slag) [19.7 wt% slag] [24.2 wt% slag]
0.62:1 (K0G) 0.82:1 (P08) 1.00:1 (S10)

[35.7 wt% slag] {44.4 wt% slag] [50.9 wt% slag]
1.50:1 (K15) 1.99:1 (P20) 2.42:1 (824)

(57.4 wt%o slag] [65.9 wt% slag] [71.6 wt% slag]

Increasing the concentration of SiO, by changing the additive did not result in a significant
increase in the overall slag content of the compositions based on K02 and K06. The higher
slag composition based on K15 received the most benefit, with the slag content of the batch

increasing by ~25 wt% when changing from clay-K te sand.
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The fiting of these samples for CRN followed the same standard firing schedule as used for
the K-serics compositions (Scction 3.1.1.1), with one change made to the sample preparation:
loose heaps of powder were fired rather than compacted pellets. By the time these
experiments were performed, it was determined that the extent of CRN could be slightly
improved and the sample preparation process simplified by not pressing the powders into

pellets. This result is discussed in further detail in Chapter 6.

5.2 P-series Firings: Slag + Clay-P (Pyrophyilite)
5.2.1 Firings Performed for 12 Hours at 1450°C

The three clay-P compositions P02, P08 and P20 were each fired for 12 hours at 1450°C.
XRD traces are shown in Figure 5.4, and the results of phase analysis are listed in Table 5.3. It
is clear that pure o’ could not be formed in any of these samples despite P02 and P08 having
essentially the same composition as K02 and K06, which did form nearly single-phase o

under the same firing conditions.

a-SLN, was the main reaction product in the P02 sample, with some a-sialon also detected as
seen in the broadening of the a-5i,N, peaks. The amount of «-Si;N, found is much larger
than can be attributed to the 6.3% seeding addition in the starting powdet. A ‘strong’ amount
of the gehlenite solid-sclution phase G’ (nominally Ca,AlLSiO;) was also detected, which is a
phase that was not previously detected in the equivalent K02 composition. Recall that the K02
(0.19:1 slag-clay-K) composition formed a-sialon, a-Si,N,, and AIN’ as the main phases, and
G’ was only formed in compositions when the slag content was raised to 0.34:1 and 047:1
slagiclay-K (K03 and KO05). The impurity phases FeSi' and TiN’ were not detected in this

sample.

In the P08 sample, the XRD peak intensities and positions cleatly cotrelate to o-sialon rather
than -8i,N,, and a ‘strong’ amount of another phase was formed which was identified as D-
phase (2Ca0O-Si;N ). A similar result was found for the P20 sample, where &' and D-phase are
the two main phases formed, both categorised as ‘strong’. Slight differences in the D-phase
relative peak heights and positons to the JCPDS PDF #38-0945 indicate that this too is 2
non-stoichiomettic solid-solution phase, hereafter referred to as D', Later EDXS analysis in
Section 5.2.2.3 will show that some degree of Al-O substitution does occur within the D-

phase structure.
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12 hrs

P02 {0.25:1)

|

1
1

|

o_;ﬂa G o'fa
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'fa
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Key:
a=o-8 i3N4

F=FeSi
=TiN
A=AIN’

o' = Ca-g-sialon
D= CazSi302N4

?= unidentified

o'la

G a'/GC o

o' aliD ‘
D o
D
P08 {0.82:1) .
D
?
_Dia’
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Figure 5.4 XRD traces of slag:clay-P samples fired at 1450°C for 12 houts.
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Table 5.3 XRD phase analysis of slag:clay-P samples fired for 12, 18, and 24 hours at 1450°C,

Hours at 1450°C

Phase’ 12 18 ot
P02 | owsialon w? s s ‘\\\
-Si,N, s w w \
gehlenite (Ca,ALSIO)) s \\\\
D-phase (Ca,Si,0,N,) NN

FeSi’ NN

unidentified w_ N\
amorphous A A A w

PO o-sialon S $ s ‘\\\‘
«-Si,N, N‘

gehlenite (Ca,ALSIO,) NN
D-phase (Ca,5,0,N,) s m m \\\
AIN'
FeSY vw vw vw k\\\
unidentified m w mw N
amorphous A A A w
P20 o.-sialon s s s m
o-S1,N; mw m w | vw
gehlenite (Ca,ALSIO,
D-phase (Ca,S1,0,N,) s s m
AIN’ mw m w | vw
FeSi' vw vw vw | vw
unidentified m m mw | w
amorphous A A A A

Key to XRD inteasity: s=strong, ms=medium strong, m=medium, mw=medium weak, w=weak, vw=very weak,
?=difficult to determine due to peak overiap

* The nominal stoichiometric compositions are given but the phases may be solid-solutions.

© Only in the P20 sample was a distinct susface layer produced and analysed separately from the core material.

% An amorphous phase is expected to be present, but not able to be detected above the background in the XRD.

Pure D-phase (2C20-Si;)N,) has only been reported in the literature once, in the same study
that first identified E-phase (Huang, Sun, ef al 1985). The subsolidus phase diagram of the
Si;N,—AIN-CaO system (Figure 2.6) shows that D-phase has an extensive region of
compatibility with a-sialon, co-existing over a wide range of compositions. The crystal

structure remains unknown.
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AIN' was only detected in the P20 sample fired for 12 hours, and not in P02 or P08. This is
due to the lower ALO,-content of clay-P of 18 wt%, compared to 30 wt% in clay-K, so the
clag-rich P02 and P08 samples contain much less Al than the equivalent K-seres
compositions. This may also account for the formation of the Al-poor D'-phase, which is
nominally Al-free (2C20-8i,N), in the high-slag P-seties compositions, tather than the higher
Al-containing E'-phase (nominally CaAISiN,), as formed in high-slag K-seties compositions.

An FeSi' impunty was detected in weak amounts in P08 and P20, but TiN' and SiC wete
unable to be identified due to ovetlap with the D'-phase peaks. A considerable number of
relatively intense peaks remain unidentified in both the P08 and P20 samples. It is possible
that the unidentified peak at ~26.8° may correspond to B-sialon, but overlap of other phases
with all other B’ peaks means that this identification cannot be made with any confidence.
Identification of the unidentified peaks was attempted by compatison to the phases
commonly formed in the (Ca/Mg}-Al-8i-O-N system and various subsystems, howevet no
close match was found. Identification of these phases by XRD alone is very difficult due to: a)
the high degree of peak ovetlap; b) the variable nature of peak positions and intensities arising
from the probable solid-solution nature of these phases; c) the large number of possible
elements that may be combined to produce phases in this system; and d) the possibility of
these peaks corresponding to more than one phase. Similar problems wete encountered for
the K-series compositions as described in Chapter 4, where further analyses using electron
microscopy were required to unambiguously identify the impurity phases. Such detailed

analyses were not performed on the P-series powders produced here.

These experiments at 1450°C for 12 hours show that the higher proportion of slag in each of
the clay-P compositions produced a phase assembly similar to what would be expected from
the K-seties equivaleat compositions with similarly elevated slag contents. The P02
composition behaved more like K03 than the KO2 base composition by producing G'. The
P08 sample behaved mote like K10 than the K06 basis by producing a ‘sttong’ amount of a
secondary phase to «', in this case D', which is also likely to be 2 metastable intermediate
phase. The presence of stronger amounts of intermediate CRN phases «-Si,N,, G, and D' in
the final P-seties products indicates that a lesser extent of CRN was achieved in these samples
compated to the K-seties compositions. This may be due to insuffictent time or temperature
provided for the CRN reactions to occur. Thus, in order to investigate whether a-sizlon can
be formed and the relative levels of both ¢-Si,N, and D'-phases can be reduced to similar

levels as in the K-series compositions, the firing time was extended to 18 and 24 houss.
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5.2.2 Firings Performed for 18 and 24 Hours at 1450°C

XRD traces of the firings for 18 houts are presented in Figure 5.5, and for the P20
composition fired for 24 hours in Figure 5.6. The results of phase analysis were given
previously in Table 5.3.

Extending the firing time to 18 hours at 1450°C significantly increased the a-sialon content of
the P02 sample, with only a2 weak trace of ©-Si;N, remaining, and no G’ detected. This phase
assembly is essentially the same as that seen in the K02 equivalent composition fired for 12
hours, except that AIN' is not produced due to the very low Al-content in this composition.
The large quantity of «-Si,N, produced in P02 after 12 hours of CRN and its subsequent
conversion to o-sialon by 18 hours is the clearest evidence yet that the «-Si,N, detected here
and in the lowest-slag K-series compositions is in fact an intermediate CRN product phase

and a precursor to o',

In the higher-slag P08 composition D'-phase is still present after 18 hours of CRN. However
the amount is reduced and o-sizlon now becomes the dominar: phase. Although greatly
reduced, the amount of D' relative to o' is stll higher than the amount of E' found relative to
o' in the K06 equivalent composition fired for 12 hours. The a’-content in the P20 sample
after firing for 18 hours appeared to decrease slightly from ‘strong’ to ‘medium strong’, with
D’ remaining the dominant phase. P20 contains the highest amount of slag, so it is also the
most Al-rich of the three P-series compositions, and AIN’ could be clearly identified in this

sample.

Further extending the firing ime to 24 hours did not reduce the amount of residual «t-Si;N,
nor produce any other noticeable change in the P02 sample. The P08 sample also remained
essentially unchanged after firing for 24 hours, however the highest slag P20 composition did
expetience some increase in the amount of o’ produced, with a corresponding decrease in D'-
cont ent. In fact, a surface/core effect was produced in the P20 composition, with the surface
of the powder being noticeably lighter in colour than the bulk underlying powder. XRD
analysis (Figure 5.6) reveals that a very large amount of o was produced on the surface with
correspondingly low quantities of D', AIN’, FeSi', and unidentified peaks present. The bulk of
the powder displayed a slight increase in the a’/D’ rato compared to the 18 hour firing, but
far less than that found on the sutface. Such a surface/core effect was seen in the K14
composition in Chaptet 4, which is the composition closest to the 1.5:1 clay-K basis for P20.

This sutface/core effect is a result of the CRN reactions proceeding more fully on the surface
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. o o Key:

] i : o I as Ct'SisN4

o = Ca-o-sialon

: G = gehlenite

P02 (0.25:1) h " “ o D = Ca,ShO.N,
. F = FeSi

A=AIN'
?= unidentified

P08 (0.82:1

P20 (1.99:1)

15 20 25 kL 26 35

Figure 5.5 XRD traces of slag:clay-P samples fired at 1450°C for 18 hours.
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of the sample which is in direct contact with the flowing N, reactant gas. These results
demonstrate that like E' in the K-series compositions, D'-phase is a metastable CRN product
that may be converted to a-sialon under more favourable CRN conditions. It also shows that
even for an uncompacted powder where diffusion is less hindered than in a pressed pellet, the
diffusion of gases into and out of the bulk of the powder is a limiting factor for completing
the CRN reactions throughout the sample mass.

{ 24 hrs

1 P20 core

Figure 5.6 XRD traces of surface and core of P20 fired for 24 hours at 14590°C.

[Key: o’ =c-sialon, A=AIN' D=D'-phase, F=FeS{’, ?=unidentified phase.}

Except for the surface of P20, there was no significant change to the phase assembly of any of
the three samples when the firing time was increased from 18 to 24 hours. This indicates that

the maximum extent of CRN achievable in this system at 1450°C under the present
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processing conditions was attained by 18 hours, and extending firing beyond this time is

unnecessary.,

The powdets produced after CRN for 18 hours will be investigated using SEM to gain further
insight into &’ formation in this system. To differentiate these powders from those fired under

the standard conditions of 12 hours at 2150°C (je. all clay-K CRN powders), they will be
referred to as P02-18, P08-18, and P20-18.

5.22.1 Ca-Content of a-Sialon in P-series Pow,

The lattice parameters, estimates of m-value, and Ca-content of the o' phase in the P02-18
and P08-18 powders are given in Table 5.4, using the same procedure as petformed for the K-
seties compositions as desctibed in Section 3.4.1.2. The XRD signal for the o' phase was not

sufficiently clear in the P20-18 powder for accurate analysis.

Table 5.4 Calculated lattice parametets, corresponding estimate of m- values 2ad Ca-content
of a-sialon produced from P02 and P08 compositions fired for 18 houss at 1450°C.

P02-18 P08-18
2 (A) 7.873 + 0.002 7.891% 0.004
c(h) 5.729 + 0.002 5.752 + 0.009
m 1.82 + 0.004 21312 0.006
Ca/unit celt
(x=m/2) 0.91 1.07

As with the K-sedes equivalent compositions, increasing the slag content increased the Ca-
content in the a-sialon, from 0.91 to 1.07 Ca* /unit cell in P02-18 and P08-18, respectively.
The compositions K02 and K06 were calculated to have 1.08 and 1.20 Ca® /unit cell, which is
higher than that produced in both P-series samples, despite their having ower slag contents
(by mass) than the P-series equivalents. With reference to the w-sialon equation (Ca,,;,Si,
@eryhnenOalN 6.0, the lower Ca-content {m-value) in the o' phase of the P-series samples than
in the K-series equivalents means that the o phase will be richer in Si 2nd lower in Alin these
P-series samples. The lower Ca-content in the o’ phase may be due to the lower overall Al-
content of the system: less Al is able to be incorporated into the o' lattice thus less Ca is

required to maintain electronegativity.
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The PO2-18 powder was ultrasonically dispersed onto a brass stud and coated with carbon for

investigatior: in the SEM. A Jow magnification overview of the predominantly single-phase o
powder from this composition is shown in Figure 5.7a. The streaking in the image is an
artefact caused by an inadequate carbon coating on the sample. The majority of the particles
are sub-micron in size and found in agglomerates up to 10pm in diameter. These are
agglomerates of the abundant o' patticles, which in the higher magnification image (Figure
5.7b) are shown to be generally equiaxed and with a size of 0.5-1.0pm, similar to those seen in
the clay-K compositions. Long 10-20pun fibres such as that Iabelled f are also prevalent, and
investigation at higher magnification reveals the presence of 2-4pm spherical paricles with an
itregular surface, as indicated by ‘x’ in Figure 5.7b. EDXS spectra of the three types of
patticles seen in the P02-18 powder are given in Figure 5.8. The brass substrate has
contributed to the signal in all three spectra and is the cause of the overlapping Cul, and Znl,
peaks at 0.94 and 1.01keV, respectively. The o’ spectrum (Figure 5.8a) was taken from a large
agglomerate to minimise the influence of the brass stud and is representauve of numerous
spectra taken from small particles. Figures 5.8b and ¢ wete taken from the fibre (/) and large
patticle (‘*’) as indicated in Figure 5.7.

The approximate peak height ratios of the elements detected in the various EDXS spectra ate
given in Table 5.5. The ALSi:Ca ratio of 1:4.1:0.4 for the P02-a’ is considerably higher in Si
(and thus lower Ca and Al) than that found in the K06 powder (1:1.8:0.3 ALSi:Ca), which is

consistent with the results of m-value determination desctibed in the previous section.

The large, itregular particles are Si- and N-rich and may be a-5i,N, particles formed during
CRN, with the Al and Ca contribution to the spectrum provided by a small amount of Ca-Al-
Si-O-N grain boundary glass coating the particle. A number of fibtes ate also observed, which
have a Ca-Al-Si-O-N composition similar to «’. Fibre fonration is indicative of gas-phase
interactions, and Si,N, fibres have often been seen during the CRN producton of Si,N,
powder from SiQ, and B’ from clays (Cho and Charles 1991a; b). There is a possibility that
these fibres are o', which could form via reactions between gaseous species such as SiO(g) and
the Ca-Al-Si-O-N rich liquid, which will therefore have a different composition to the o
formed via solution-precipitation from the melt. The identity of this fibre phase cannot be

confirmed without further experimental evidence.
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Figure 5.7 SEM micrographs of P02-18 powder fited for 18 hours at 1450°C: (a) low
magnification image, (b) high magnification image.
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Figure 5.8 EDXS spectra of various particles in P02 powder fired for 18hrs at 1450°C: (a) small
o sialon particles, (b) fibre f”and (c) particle ‘x’indicated in Figure 5.7. Note the Cal, and
Znl, signals are artefacts from the brass substrate.
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Table 5.5 EDXS peak height ratios of 3 types of particle found in composition P02 fired for

18hrs at 1450°C.
. Al:$i:Ca peak O:N peak height
Particle height ratio ratio
o' (average) 1: 4.1: 0.4 1:24
fibre £ 1: 3.6: 0.4 1: 1.6
particle x 1: 6.5: 0.2 1: 3.0

5.2.2.3 SEM Analysis of PO8 Powder Fired For 18 Houry

XRD analysis of the P08-18 sample showed that it consisted largely of a-sialon, with a
significant amount of D'-phase and a small amount of an unidentified phase present. SEM
analysis reveals that three distinct particle morphologies were present with distinct chemical
signatures: fine equiaxed grains, larger rod-like particles, and large, trregular particles (Figure
5.9). These have been attributed to ', ID’, and the unidentified phase, respectively. Typical

- EDXS spectra from the three types of particles are given in Figure 5.10, and the relative peak
heights are tabulated in Table 5.6. Fibres are also present in this sample, but are much rarer
than in the P02-18 powder.

Figure 5.9 SEM micrographs of P08-18 powder fired for 18 hours at 1450°C,
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The a-sialon particles were identificd by having the similar submicron equiaxed morphology
as seen previously in compositions K06 and P02-18. The ALSt:Ca ratio of 1:3.4:0.3 in the 1P08-
o' is lower in Si and higher in Al and Ca compared to the P02-a' (1:4.1:0.4 AlSi:Ca), which

would be expected from the higher m-value as determined in Section 5.2.2.1.

The D'-phase particles have a distinctly different morphology to o, forming as larger,
elongated rods several microns in length (Figure 5.9b). This is different to the morphology
shown in Figure 1 in the paper by Huang and co-workers for pure D-phase (2CaO SN,
produced via hot-pressing, which is not very clear but appeats to show a morphology of
square plates of unknown size (Huang, Sun, ¢f 4/ 1985). The chemistry of D' (Al:Si:Ca ratio of
~1:3:0.3 by EDXS) is different to that of the pure D-phase (0:3:2 AlSi:Ca). The large
reduction in Ca-content may be a result of Al substituting for Ca, with each Al'" replacing 1.5
Ca*" cations. The presence of oxygen indicates that some O™ for N* substitution has also
occurted in this phase, thus the exact nature of the substtutons are unknown and would
require further detailed work to clanfy its composition. The abundance of the rod-itke D’
grains in the microstructure corresponds well with the ‘medium’ intensity of D’ seen in the

XRDD trace (Figure 5.5).
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Figure 5.10 EDXS spectra of P08-18 particles: (a) small equiaxed particles found in

agglomerates, (b) small rod-like grains, The Cul, and Znl, peaks are artefacts from the brass
substrate.
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Table 5.6 Measured EDXS peak height ratios of particies found in composition P08-18 fited

for 18hts at 1450°C.
. Al:Si:Ca peak O:N peak height
Particle height ratio ratio
o’ (average) 1: 3.4: 0.3 1: 1.8
D’ (average) 1:2.8: 0.3 1:2.8
particle x 1: 6.2: 2.1 1: 2.1

At first glance the unidentified particles appear to have a more D'-like chemistry than the
rods; they are rich in Si and Ca. However they are considerably richer in Si than required for
2Ca0O SiyN,, they also do not have a plate-like appearance, and there are simply insufficient
numbers of these particles to account for the amount of D' expected in the sample. Further
SEM analysis of bulk materials hod pressed from this powder (to be presented in Chapter 7)
show that the phase assembly of «'+D’' was maintained after hot-pressing, and the
microstructuse contains an abundance of rod-shaped grains with a chemistry similar to that
seen in here in the powder; ie. closer to a than 2Ca0 Si;N,. No Si-, Ca-rich phase similar to
the unidentified phase in this powder was detected in the hot-pressed material, hence this

phase cannot be D',

5.2.3 Discussion of CRN of the P-series Compositions

It was seen in Chapter 4 that kinetic effects determined the extent of CRN and that sufficient
time must be provided for the diffusive solution-precipitation reactions to be completed. For
the K-sedes compositions fired at 1450°C, a 12 hour dwell was seen as the practical limit
beyond which no significant CRN was obtained. The two compositions K02 and K06 were
found to be favourable for essentially single-phase o' formation under these conditions. Other
compositions produced secondary phases such as G' or E’, depending on the slag content.
These two phases are metastable, and although they are thetmodynamically compatible with o'
during firing at 1450°C, theit formaton may be less favourable under different CRN

conditions, sach as at higher temperatures.

The P-seties compositions were designed to maintain the same mass ratio {and thus molar
ratio) of CaQ:Si0, as found in the K-seties base compositions (not including the minor 0.4
wt% CaO+MgO impurity in the clay-K). Replacing clay-K with clay-P essentially enriches the
compositions in SiO, at the expense of ALO;, and this change in chemistry has had two

important effects on the CRN of these compositions. Fitst, the chemisuy of the phases
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produced during CRN reflects the low Al-content of the system. Al-rich phases seen in the K-
series samples were not easily formed here; AIN' was not detected in the clay-rich samples P02
and P08, and D'-phase (nominally Al-free 2CaO-Si,N, but containing a small Al-O
substitution) was formed instead of E'-phase (CaAlSiN,) in the higher slag P08 and P20
compositions. The o-sialon formed in the P-series compositions was also lower in Al, and
therefore Ca, despite more Ca being available for stabilisaton in these higher slag
compositions. Therefore more Ca will be available for grain boundary glass formation or the
production of Ca-containing secondary phases, both of which are likely to degrade the

mechanical properties of a material produced from this powder.

The other effect of SiO, enrichment is a significant retardation of the kinetics of CRN in the
clay-P—containing samples. It was seen that 18 hours at 1450°C was required to allow
completion of the CRN reactions, compared to 12 houts in the K-series compositions. This
was most cleatly demonstrated by the P02 composition, which produced a nearly ident=al
phase assembly as the equivalent K02 composition, but required an additional 6 hours of
reaction time to do so. In the other P-series compositions, higher levels of the intermediate
secondary phase D' were found after 12 hours compared to the amount of secondary E'-

phase found in the equivalent K-seties compositions. This is due to slower reaction kinetics

resulting from retarded diffusion through the SiO,-rich liquid produced in this system.

The liquid formed from melting of the components is essentially a molten glass with a
cr~position dominated by CaO, ALO, &0, and MgO, ie. it is an alkaline-earth
aluminosilicate glass. The effect of SiO,-content on the viscosity of various glasses is shown in
Figure 5.11. Pure SiO, (fused silica) has the highest viscosity of all glasses at all temperatures.
Decreasing the putity to 96% SiQ, lowers the viscosity of the glass, and the other glasses with
even lower SiO, contents have even lower viscosity; a typical commercial aluminosilicate or
borosilicate glass contains ~60-70% SiO, (Dumbaugh and Danielson 1986). This shows that
there is a clear relationship between increasing the SiO,-content and increasing the viscosity of

the glass.

The glass viscosity is an important parameter affecting CRN because o' formation is a
solution-precipitadon process that relies upon the diffusion of species through this liquid
(Edrees and Hendry 1995). The CRN reactions involve reaction between the C or SiC
reductant, N, from the furnace environment, and Si-based phases in the liquid. The
intermediate oxynitride phases B’ 2and M’ are precipitated from this liquid, and subsequently
further reacted via CRN to redissolve and precipitate the product phases o', E', and D". This
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requites a significant diffusive migration of species such as Ca and Al through the oxynitride
liquid. Consequently, the viscosity of this liquid will greatly affect the rate and extent of final
CRN products able to be formed in this system. Enriching the SiO,-content of the liquid by
using SiO,-rich clay-P significantly increased the viscosity of the liquid, retarding the rate of
the diffusion, thereby preventing extensive a' formation within 12 hours at 1450°C, and

necessitating the use of a longer reaction time of 18 hours.
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Figure 5.11 Diagram showng the relationship between glass viscosity and temperature for a
variety of glass compositions (after Dumbaugh and Danielson 1986).

This effect of SiO, enrichment on retarding the rate of CRN was previously found to have
contributed to the low extent of CRN achieved in the K01 sample (Section 4.2.7.1). This
displayed very retarded reaction kinetics, with residual quarnz from the clay-K still present
after 12 hours of reaction at 1450°C. The very low slag content of the that sample (0.1%:1
slag:clay-K) resulted in 2 composition that formed only a small amount of S§iO,-rich liquid,
thus hindering CRN. A similar effect was also observed in the study on the CRN of fly ash
(Kudyba-Jansen, Hintzen, et a/ 2001). In that study, one of the fly ashes (‘Demkolec’)
produced a significantly lower a'-content (8 wt% compared to >51 wt%) than the others,
though no explanation was given for this phenomenon. The Demkolec fly ash contained 68%
$i0,, which is 14% richer in SiO, than in the other four fly ashes used. Therefore the retarded
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diffusion through the higher viscosity SiO,-rich liquid as seen here, can exphin the difficulty

observed in achieving a high extent of o' formation in the Demkolec composition.

Elevating the reaction temperature to incresse the fluidity of the liquid has been seen to
promote the more rapid solution-precipitation of product phases during CRN (Edrees and
Hendry 1995). This may be an effective method to improve the extent of @' in these SiO,-rich
comp .ons, however a different thermodynamic equilibrium will operate at higher

temperatures which may change the balance of phases compatible with o'.

It can therefore be predicted that CRN in the S-series system using pure SiO, sand to replace
clay-K will be even more difficult to achieve than in the P-series system. This is investigated in

the following section.

5.3 S-series: Slag + Sand

Loose heaps of the three slag:sand compositions listed in Table 5.2 were fired at 1450°C for
12 hours. As with the P-series compositions, 12 hours was insufficient for CRN thus the S03
and $10 compositions were fired for 24 hours. The phase results are listed in Table 5.7, and
the XRD trace for S03 is given in Figure 5.12.

Table 5.7 XRD phase analysis of slag:sand samples fired for 12 and 24 hours at 1450°C.

Hours at 1450°C
Phases 12 24

S03 a-S1,N, S 3

D-phase (Ca,ALSIO,) w w

unidentified mw mw
S10 a-Si;N,

D-phase (C2,ALSIO;)’ s S

unidentified m m
524 o-Si,N, m

D-phase (Ca,A1,5i10,) s N \\§

unidentified mw W

Key to XRD intensity: s=strong,, m=medium, mw=medium weak, w=weak,
* ‘The nominal stoichiometric composition is given but the phase may be a solid-solution.

The lowest slag sample S03 fotmed mostly a-SiN, and D'-phase; which were seen as

intermediate CRN phases in the P-seties compositions (Section 5.2.1). This indicates that a
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small extent of CRN was achieved, but not enough to form a-sialon. Many peaks remain
unable to be identified (Figure 5.12). No detectable change to the phase assembly was

produced by increasing the reaction time to 24 hours.

D'-phase was the dominant phase found in the higher slag-containing compositions 510 and
S24, where neither o-Si,N, nor o-sialon could be positively identified. As with the S03
composition, many XRD peaks remain unidentified in these samples, and no change was seen
in the phase assembly of the S10 composition when extending the firing time to 24 hours. The

S24 composition was not tested at this longer reaction time.

| .a :
03 ' a | |
a a ’
112 hrs |
, .
?
D
0? %
a | a |
24 hrs [
|
” aD
a |
| a
|‘ D/a
i ? 2D ?
D | aD u ? , |Dlls
D ? F MJU : PfiD aD
m —E— . : | o
15 20 25 0 20 s 40 4% £

Figure 5.12 XRD traces of $03 sawmnple fired for 12 and 24 hours at 1450°C. a=0-SisNy, D=D'
phase (nominally 2Ca0-S8isN,), ?=unidentified.

139




Chapter 5 Efact of Using Concantrated Sources of Silica on CRN

These results indicate that pure Si0, is inappropriate for the CRN production of o' at 1450°C
because no a-sialon was formed in any of the samples tested, even those fired for 24 hours.
This is consistent with the previous findings for the clay-P compositions where the increase in
Si0,-content was found to hinder CRN due to the high viscosity of the liquid phase formed
during CRN. The 802 sample is ~83 wt% Si0,, compared to 68 wt% in P02, and 50 wt% in
K02, which will result in a very SiO,-rich glass with very high viscosity (Figure 5.11), and thus
low diffusivity, thereby retarding the rate of dissolution and precipitation of CRN product
phases.

In addition to the enrichment of the system in SiO,, thete are two additional factors that may
have contributed to hindering the rate and extent of CRIN in this system: a) the large particle
size of the quartz (up to 300um); and b) the low C/SiO, ratio in these compositions. A fine
particle size will allow for a greater number of contacts between the C and SiO, particles, 2
feature known to be necessary for improving the rate of CRN for Si,N, production from SiO,
(Weimer 1997). Si;N, formation occurs, however, via gas-phase reactions, with no reliance on
liquid phase diffusion. In the slag+sand system, reducing the particle size of the quartz alone
may not be sufficient to overcome the problem of retarded diffusion through the molten
reactants. It was seen in the study of the fly ash system that the fine, amorphous, ‘Demkolec’
fly ash was considerably mote reactive than the other coarser, semi-crystalline fly ashes.
However, the increased reactivity was only opetative duting early stages of CRN before the
reactants had melted; the onset temperature of the early-stage CRN reactions was lowered and
the gas-phase reactions started earlier than in the other fly ash compositions, but o
producton was the lowest of an* of the fly ashes tested (8 wt% vs. >51 wt%) (Kudyba-
Jansen, Hintzen, ¢f a. 2001). As per the discussion in Section 5.2.3, this lack of & formation
can be attributed to the considerably higher SiO,-content of the Demkolec fly ash compared
to the other, coarser, fly ashes. Therefore the viscosity of the liquid during later stages of CRN

is a limiting factor, and is far more significant than the initial pasticle size.

A high C/SiO, ratio is also an important patameter found to enhance the CRN of SiO, when
producing Si;N, powder, with ratios ~4 (double the stoichiometric amount) found to be
optimum (Weimer 1997). In the slag-based systems studied here, the C-content of the batches
was maintained at 25 wt% across all compositions. Calculation of the C/SiO, molar ratio for
the K02, P02, and 503 equivalent compositions shows that C /Si0, decreased from 3.3 in K02
to 2.4 in P02, and 2.0 in SO3. The effect of this reduction in the C/§i0, ratio is unlikely to be
significant; the P02 and S03 compositions have very similar C/SiO, ratios, yet S03 was totally
unable to form o', whereas P02 could produce neatly single-phase o', The higher C/8iO, ratio
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produced in higher-slag compositions is also no guarantee of increased o’ yield. For example,
the 4.5 C/8iO, ratio in K33 did not produce a significant amount of a’. Other factors such as
composition and reaction temperature are more influential on the extent of CRN experienced

by these compositions.

The slightly increased secding level of 10% a-5i,N, used in these compositions, which is well
above the 3% used for such an effect in other CRN systems (Zhang, Komeya, ¢ a/, 2000), was
unable to overcome the unfavourable CRN conditions. The effect of seeding is studied
further in Chapter 6.

Extending the CRN reaction time beyond 24 hours will not be expected to significantly
improve the yield of o'. In addition to being cummercially impractical, it would also be non-
productive since no change at all was observed in the piiases formed between the 12 hour and
24 hour firings. Increasing the CRN reaction temperature may be the only effective way to
increase o formation by increasing the fluidity of the liquid phase. Care must be taken,

however, to avoid the increasingly favourable SiC formation at elevated temperatures.

5.4 Conclusions for Chapter 5

This chapter investigated the replacement of clay-K by mote concentrated sources of $10,,
pyrophyllite (clay-P) and sand, with the aim of minimising the mass of SiO, additive required

and maximising the amount of slag used for a-sialon production. The major findings were:

e SiO;-additives of higher SiO, concentration reduced the extent of CRN able to be
petformed at 1450°C, discouraging a-sialon formation. This is due to the system
becoming richer in SiO, at the expense of ALO,, which produces a liquid with 2 high
viscosity at the CRN temperature. This slows the rate of diffusion for the solution-

precipitation of CRN product phases.

¢ 12 hours was inadequate for the CRN of slag:clay-P compositions at 1450°C and a
reaction time of 18 hours was required for the reactions to reach their maxitnum
extent. Only the lowest slag composition P02 (0.25:1 slag:clay-P) produced a nearly
single-phase o' product after CRN at 1450°C for 18 hours. The higher slg
compositions P08 and P20 produced mixtures of o and a solid-solution based on D-
phase (2CaO-Si,N,). Pure SiO, in the form of sand was totally unable to form o-

sialon.
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® The a-sialon particles produced from the CRN of P02 and P08 powders for 18 houts
at 1450°C are generally equiaxed and <1pm in size. The Ca-content of the a-sialen
was determined to be lower than that of the o produced from the slag:clay-K
powders. The D'-phase grains are slightly elongated rods, several microns in length,
with a different chemistry to the nominal composition of 2CaO Si;N, due to the

incorporation of Al and O in solid-solution.

® The most successful composition for producing a’ at 1450°C was P02, which contains
5% more slag by weight than the KO2 base composition, but 15% less than the most

successful K-series composition K06.
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Chapter Six
Ontimisation of the CEN Process

The previous chapters have examined the fundamental phase formation processes that occur
within the slag and clay mixtures during CRIN, primarily by examining the effects of changing
compositional factors such as slag content and clay composition. Several other parameters
may also be manipulated to conirol ihe CRN process, including specimen factors such as the
level of seeding and specimen density, and also firing patameters such as nitrogen flowrate
and firing temperature. The wotk presented in this chapter is an investigation of the effects of
these parameters on the phases formed from CRN, with the aim being to produce the highest
yield of o possible. Section 6.1 is a discussion of the experimental procedure and derivation
of an equaton to quantify the o'/E’ ratio. Section 6.2 examines the effects of powdet
compaction and sample gzometty on CRN, and Section 6.3 investigates the effects of
changing the N, flowrate through the furnace. The type and level of seeding is examined in
Section 6.4, and Section 6.5 discusses the effects of increasing the temperature on the stability
of the CRN products.

6.1 Experimental Outline
6.1.1 Coiniposition Selection

With the desire to smaximise the quantity of slag used in o-sialon formation, the high-slag
compositions K06 (0.6:1 slag:clay-K) and K33 (3.3:1 slag:clay-K) are the focus of this chapter.
K06 was the highest slag-containing composition that formed nearly single-phase o, with a
small amount of E’ phase, AIN', and FeSt’ and TiN' impurities were also produced. K33 was
predominantly E'-phase (nominally CaAlSiN,) and contained only a minor amount of @’ in
addition to the imputity phases FeSi’ and TiN'. The E-phase is thought to be a metastable
CRN product able to be converted to o, thus this composition can be used to determine

whether the low oo’ content of very slag-rich compositions can be increased.

6.1.2 Quantitation of a-Sialon / E’-phase ratio

Improving the &’ content of the sample by reducing the amount of secondary E'-phase in the
K-series compositions is the main aim of the wotk in this chapter, hence 2 method to quantify

the change in the relative proportion of the o' and E’ phases is needed. Quantitative XRD
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analysis or electron microscopy based-methods would require considerable effort due to the
complexity of this multi-component system, thus a simple ‘quasi-quantitative’ measure of the

a'/E' ratio was used, based on their relative peak intensities in the XRDD.

A quantitative approach to determining the $/a ratio in silicon nitride and sialon systems vix
XRD has been developed by Kall, and the ecuation is given in Equaton 6.1, where If and fa
are the integrated intensities of the planes specified (Kall 1988).

% = 1Baoyy + 1B [6.1]
18130y + 1Boony + Tony + 10y

o content is given by 1-%f', and in sialon systems the same crystal planes of the a' and P’
phases can be used to determine the o' /B’ ratio. The a’(102) and o'(210) planes are best suited
for quantification because they wete seen to be the most immune to compositional variation
arising from the incorporation of the metal cation into the structure. Deconvolution of
ovetlapping peaks was also required for accurate quantification. It was seen that in the Si,M,
system the half-widths of the strong a- and $-peaks did not differ significantly, therefore the
integrated intensity is proportional to peak height and this simplification can be used for

quantification.

To estimate the change in the relative proportions of the o' and E'-phases in the CRN
powders, Equation 6.1 was used as the basis for Equation 6.2, which gives a quasi-quantitative

estmate of the o' /E’ ratio in the XRD scans.

r r
Iy + 10
[ ! ! ¥

%a’ =

[6.2]

The same, a' peaks as used in Equation 6.1 are used in Equation 6.2, which in these scans
correspond to the two most intense o peaks at 20=~33.8° (100% intensity) and ~34.7° (80%
intensity) respectively. The two E'-phase peaks chosen for analysis are E'(130) (20=32.3°) and
E'(002) (36.1°), which are high intensity, characteristic E'-phase peaks. Visual inspection of
these peaks in numerous XRID scans showed them to have no significant ovedaps and

consistent relative intensities. The background radiation wras subtracted before calculating

peak height.

This equation can only be used to compare XRID) results between scaus to evaluate trends in

the o'/E’ ratio. It should be roted that several assumptions and simplifications have been
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made in establishing this equation, thus it does not allow for accurate quandtztive
determination of the a' content of these samples. Firstly, it is assutued that the samples ate
simple binary mixtures of the phases of interest, o and E’; the other minor phases AIN', TilN',
FeSi', 5iC, and glass ate considered to he coustant between scans. Second, it is assumed that
the solid-sol~tion compositional change Fas no significant effect on the relative peak heights
of the E' phase peaks chosen for analysis. Previous EDXS evidence suggests the E'-phase is a
solid-solution, and some variation in the relative peak heights was observed between samples,
but the effect of composition is unknown. The two E' peaks chosen for analysis were the
most consistent, as determined by visual inspection. The third assumption is that the peak

height is directly proportional to the integrated intensity.

An uncertainty level of £1% ' has been determined for this equation, which is the resolution
limit when comparing results from different XRD scans. It must be remembered that the
value derived from this equation is not the absolute quantity of ' in the phase mixture, buta
semi-quantitative apptoximation of the ¢'/E' content, and can only Le used for comnparative
purposes. Absolute values of o’ or E' in a sample may easily differ from these calculations by
10% or more, reflectin>y the many assumptions listed above, as well as equipment factors such

as the minirum detection limit of ~4%, and natural vadation in the juantity of products

formed between firings. For relative compatison, the E' content is simply defined as * J0-%«'.

6.2 Specimer Density & Geometry

The presence of a difference in the appearance and phase composition of the surface and core
of uniaxially pressed K-series pellets suggests that the specimen density and geometry are
important factors affecting the CRN process (Section 4.3.2.4). The CRN process is governed
by both gas-pbase reactions and solution-precipitation processes, and diffusion of gases into
and out of the samples is vital for the gas-phase CRN reactions to proceed effectively. In
addition to the packing density of the powder, the geometry and size of the sampie may also
be important factors affecting the ilux of N, experienced by the sample. The effect of these
two factors on the yield of o' have been investigated and the results are presented in this

section.

6.2.1 Powder Packing Density

Four samples of K06 powder (slag:clay-K 0.62:1) of different packing density were fired to
deter:::ine the effects of powder compaction on a-sizlon formation. The samples were: 2) a

heap of loose powder spooned iato the Al O, boat with no additional pressure; b} a pellet
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pressed by firm hand pressure on the 1cm diametes cylindrical die plunger; c) a pellet pressed
according to the ‘standard’ conditions of 10 MPa hydraulic pressure in the 1cm diameter die,
as used in Chapter 4; and d) a pellet of 1cm diameter hydraulically pressed at 10 MPa and then
cold isostatically pressed (CIP-ed) at 200 MPa. These samples wete fited as per the standard

condition (12 hours at 1450°C in N, flowing at 30£/hs).

A surface/core effect was noticeable in all the fired samples, including the loose powder,
which had a hghter-coloured layer of grey powder on the surface. Underneath the surface, the
bulk material tended to be a dark grey colour. The surfaces of the pellets were all more
cohesive than the darker core material, which had basically no resistance to scratching. In the
case of the CIP-ed pellet, the surface was considerably more cohesive than usual, requiting
significant force to breuk through to expose the core, but the core material was not noticeably
firmer than in the other samples. This is a clear demonstration that the green-bodies cannot be

simultaneously converted to o’ via CRN and densified in a2 one-step process.

The XRD traces are shown in Figure 6.1, with tabulated estimates of o content given in Table
6.1. Samples for analysis wete taken from the cote regions of the pellets. The data presented in
Table 6.1 clearly shows a trend towards decreasing o’ content with increasing powder
compaction. The sample with the lowest density, the heap of loose powder, produced the
highest relative quantity of o', of 94% (6% E'). Hand pressing in a die to form a pellet
doubled the E’ formed to ~13%, and hydraulically applied pressure of 10 MPa doubled again
the amount of E’ formed to 25%. Further application of pressure via CIP did not have any
further effect on the o' /E/ ratio. No significant effect could be seen on the amount of AIN' or
other secondary phases formed.

It 5" -uld be noted that the amount of E’ detected in the core of the standard 10 MPa pressed
petiet (25%) 1s significantly higher than the 12% E' calculated for the standard K06 sample as
shown in Figure 4.7d. The main reason for this is that a degree oi varation exists between
different fitings of the same composition, which may be due to several parameters over which
there is a relatively poor degree of control. The two most likely variables are the uniaxial
pressing pressure, which may be up to 25% uncertain, and the N, flowrate during CRN which
is affected by the buildup of 1eaction products in the filter as particles are swent down the
tube. Although the results have been chetked for consistency, some small vadations in the
relative proportions of the phases present have been detected between different firings, and

only the most consistent ones have been presented here. A detectable susface/core effect
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K0§

a) Loose ' q

powder
}\ % E

Counts

c} 10 MPa
l(standard)

28 30 32 34 20 36 8 40 42

Figure 6.1 XRD of fired K06 powder compacts of varying compaction density.
[Key: a'=a-sialon, A = AIN’, E=E'-phase, S=2H-8iC. TiN' at 36.6° not labelled].

Tabie 6.1 o'/ E’ ratios in fired powder compacts of different compaction density.

Sample % o % E' (=i-% ') Other phases
AN - vw FeSt’ - vw
Loose powder 94 6 TN - vw  SIC-vw?
AN - vw FeSi’ - vw
Hand pressed pellet 87 13 TN ve SIC-vw?
= 10 MPa hydraulicall ' y
2 pressc}:l pellet ' 75 25 .ﬁﬁ v I;iegl_;:;
(standard) "YW
AIN'-w  FeSi' - vw
200 MPa CIP-ed peliet 74 26 TN - v SIC - vard
Error = 1%.

Key to XRD intensity: w=weak, vw=very weak., P=unable to be accurately quantified due to peak overlap.
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was produced in the K06 pellets fired for these experiments, whereas no such effect was seen

in the first K06 pellet fired, possibly as 2 result of such variations between fitings.

The reduction in a’ content with increasing powder packing density can be cleatly attributed
to the increasing difficulty of gas penetration into and out of the compacted samples. Gas
penetration into the pellets is clearly important for providing the reactant N required for
nitridation, and increasing the degree of pellet compaction will block the porous pathways that
help the N, gas gain access to the interior of the sample. Access to the gas is also important
for the removal of gaseous by-products such as CO(g) out of the sample. The CRIN reactions
such as Si0,+3C < SiC(s)+2CO(g) are reversible, equilibrium reactions, as detailed in Section
2.2.2 and discussed in Section 4.3.2.4. To maintain the CRN reactons moving in the forward
direction and keep producing the desited CRN products, (ie. to prevent equilibrium from
being attained), CO(g) must be continually removed, and the sweeping action of the N, gas

flow will be hindered by increasing the powder packing density.

Previous work on the CRN formation of ' from clays showed that the powder compaction
pressure has two competing effects on the extent of CRN. Excessive pressure was found to
prevent CRN due to CO(g) build-up in isolated regions (Higgins and Hendry 1986), however
increasing the level of compaction could also produce greater contact between the C and
other components, thercby enhancing CRN (Mazzoni, Aglietti, ¢f af 1993). In the present
experiments, it appears that the contact between C and the other components was adequate
and was not improved by higher compaction pressures, rather the increased specimen density
directly impeded the gas flow and hindered o' formation. The loose powder without any
compaction provided the easiest access to gas diffusion, and thus produced the highest extent
of o'. The maximum hindrance to CRN-o’ formation was produced by 2 pressing pressure
somewhere between hand pressure and 10 MPa, above which further increasing the pellet

density did not alter tke extent of CRN.

In densely packed samples, only the surface layers can achieve easy gas penetration, which
results in ¢he surfaces undergoing more extensive CRN than the underlying bulk matenal. The
o content of the surfaces of all three pelletised specimens was found to be ~93%, which is
higher than for all the cote powders. The surface layer on the loose heap of powder had 97%
o', which is also higher than in the core (94%). a-Sialon production is clearly favourable in
ateas with easy access to the N, gas. The formation of a small difference in the o' content on

the susface of the heap of loose powder that was totally uncompacted suggests that the extent
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of CRN is extremely sensitive to gas penetration, which has strong implications for the

coasistent production of uniform powders by this method.

6.2.1.1 Mass Production of ar-Sialon (Sample Sice and Geometry)

So far, all of the CRN firings have involved only a small amount of powder (~1.5g) placed in
the centre of a 10cm long furnace boat, which allows for easy access to the N, gas flowing
along the hotizontal tube. The size of the sample and the location in the furnace boat may
influence the flux of N, experienced by the sample, for example the front wall of the furnace
boat may partially shield any powder immediately adjacent to it from the gas flow. The CRN
process was scaled-up to fire the maximum mass of powder possible in the labotatory
furnaces, to examine the effect of incteasing the sample size and determine whether N,

penetration is consistent throughout the sample.

The tube furnaces have 2 defined hot zone 100mm long, with the maximuin temperature
cbtained in the centre and the drop in temperature experimentally determined to be no more
than 5°C at the ends. The standard furnace boats used in this investigation were 100mm long
to match the length of the hot zone, and 15mm deep, and 25mm wide. To react the maximum
possible quantity of powder in one firing, these boats were filled to the brim with the reactant
mixture. A light tamping-down with a fiat tool was used to slightly consolidate the fine
powder and prevent it from being carried down the furnace during pre-fiting evacuation, and
also to allow more powder to be packed into the boat. In this way approximately 17g of
powder was reacted in cne firing, compared to the ~1.5g fired previously.

After firing the K06 powder under the standard conditions (1450°C, 12 houts, 30¢/hr N), the
surface of the powder bed had a thick lighter-coloured surface layer, to a depth of ~3mm.
Samples were taken from the bulk of the powder immediately adjacent tc the front and reax
walls of the boat, as well as from midway down the boat. The surface layer was sampled only

at the midway point. The calculated o' content for these regions of the powder mass is given
in Table 6.2.
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Table 6.2 a'content after firing a full boat of powder at 1450°C for 12 hours.

Sample Location % o %E’ (=1-% o) Other phases
front (bulk) 88 12 i}gz e o
center (bulk) 83 12 AN L
wbn | @ || BT
center (surface) 20 10 TiN"-vw gfg’j-‘:;
Error = 1%

Key to XRD tnteusity: s=strong, ms= medium strong, m=medium, mw=medium weak, w=weak, vw=very
weak, ?P=unable to be accurately quantified due to peak overlap.

The core matcnal from all points sampled 2long the length of the boat contained essentially
the same level of o’ (~88%), indicating that CRN was able to proceed equally effectively at all
points in the powder bed. No problem was detecied due to shielding of the material at the
front of the boat f2om the N, flow. The @' content of 88% is basically the same as that found
in the hand-pressed sample discussed in the previous section, which is less than the 94%
formed in the smaller heap of loose powdet. This lower o' conteat in the boat full of powder
may be the combined result of the much larger size and mass of the sample, and the pressure
applied when tamping down the powder. The apphed pressure, although less than thut used
when hand-pressing the pellet in Secton 6.2.1, may be sufficient to hinder nitridation when
compared to the loose powder. Recall zom the previous discussion that even in the
uncompacted small heap of loose powder the extent of o' formation was very sensitive to N,
diffuston, and the bulk of the loose powder contained slightly less a’ than the surface (Section
6.2.1). As with the pelletised specimens, the top surface layer of the powder was able fo
undergo a greater extent of nitsidation as evidenced by the slightly higher a’ content (90%).
This sutface material contained less of the impurity phases than the builk, with no AIN'
detected and less FeSi'.

The XRID traces from the bulk of the powder showed no significant vatiation to tle content

of the TiN', FeSi', and SiC impurty phases in the three locations along the boat.

These results demonstrate that the powder packing density has a significant effect on the

extent of o’ formation. CRN is enhanced by dircct contact with the N, gas stream, and any
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degrec of powdet compaction will hinder the extent of CRN. Even loose heaps of powder
without any compaction displayed inhomogeneous o formadon between the surface of the
powder and the underlying material. This implies that for the commercial production of o' via
this process, an alternative furnace geometry may be useful to allow even gas flow throughout
the sample, such as a fluidised bed or a rotating tube furnace.

6.3 Nitrogen Flow Rate

The previous section has shown that gas penetration is an irnportant variable governing the
effectiveness of the carbothermal reduction-nitridation reactions. Gas penetration will also
depend on the flowrate of N, gas through the furnace during firing. In the current
investigation 30L/ht was set as the standard flowrate based on the results of the preliminary
investigation by Walker (1997), and is comparable to other CRN studies whete high flowrates
between 30-42L/ht were successfully used to produce predominantly &' products (Hotta,
Tatami, ¢f a/. 2002; Zhang, Komeya, ¢f al. ZJ00). To examine the effects of N, flowrate in this
system, tests werc performed on small heaps of loose powder placed in the centre of the
furnace boats from the K06 (0.62:1 slag:clhy-K) and K33 (3.3:1) compositions. The minimum
N, flowrate achievable in the furnace of 3£/ht, and the maximum achievable flowrate of
528/hr, were used for CRN at 1450°C for 12 hours. The results of phase analysis,
including %’ content, are tabulated in Table 6.3 and XRD traces for the K33 sample are
given in Figure 6.2. Powder was sampled from the bulk of the powder heaps.

Increasing the N, flowrate from 308/hr to 528/hr to achieve greater N, penetration did not
increase the amount of o' formed in either of the specimens; the K06 sample showed no
detectable increase in o’ and the K33 composition exhibited a slight decrease in o’ of ~4%. In
addition, the formaton of a small amount of an uniduntified phase was detected in the
products fired under the higher N, flowrate. The opposite effect was found by decreasing the
flowrate to 38 /hr; the o content of the K06 sample increased by 8%, and a dramatic increase
in o' from 5% to 55% was detected in the K33 sample, however this figure may be influenced
by the large amount of M'-phase also jotmed which partially overlaps the o’ XRD peaks. A
stnall amount of AIN’ was also detected in K33 sample fired at 3€ /hr, which was not present

when higher N, flowrates were used.
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Table 6.3 Phase analysis and o’ content for samples fired under varying N> flow rates at

1450°C for 12 hours.
N, flowrate (&/hr)
Phase® 3 30 52
K06 a-sialon® 98% 90% 00%
E (CaAlSiN,)"‘ 2% 10% 10%
AIN' W vw vw
FeSY w w w
TiIN' vw \A vw
SiC vw? vW? \A 13
unidentified vw
K33 o-sialon® 55% 5% 1%
E’ (CaAlSiN,)* 45% 95% 997
M’ (2CaO-S;;NAIN) ms
G’ (Ca,ALSIO,) vw? vw? vw?
AIN' vw
FeSt' vw vw vw
TiIN* vw W vw
SiC w? 1w w?
unidentified vw

Key to XRD intensity: s=strong, ms= medium strong, m=medium, mw=medivm weak, w=weak, vw=very
weak, P=unable to be accurately quantified due to peak overlap.

4 Error = £1%.

® The nominal stoichiometric compositions are given but the phases may be solid-solutions.

This result is a little surprising, as a survey of the literature suggests that CRN is generally
enhanced by higher gas flowrates due to achieving better penetration of the reactant N, into
the pellet and more efficient removal of unwanted gaseous reaction by-products (Mazzoni,
Aglietti, ¢f /. 1993). It has been noticed, howevet, that increasing the N, flowrate can also
increase the extent of SiO(g) loss due to the increased sweeping action of the faster flowing
gas (Mazzoni and Aglietti 1998), causing enrichtment of the products in Ai, and the formation
of Si,N, whiskers in cooler pasts of the tube (Cho and Chatles 1991b). SiO{g) is formed as an
intermediate step during the carbothermal reduction of SiO, to form SiC (Equations 6.3a and
b). Unlike the CO(g) reaction product, which must be continually removed to allow the CRN
reactions to progtess, it is not desired to remove SiO(g) from the system because of its further
involvement in CRN. Motreover, SiO(g) loss will deplete the system of Si needed for o
formation. It was shown in Chapter 4 that Si-poor compositions (ie. siag-rich compositions)
favour the production of E' (nosainally 1:1:2 Ca:AL:Si) rather than o (~1:}:6 Ca:AlSi (Table
4.4)) due to the lower Si content required for E'. Therefore excessive SiO(g) loss will promote

the formation of Si-poor phases rather than o',
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Si0, + C < Si0fg) + COfR) [6.32)

SiO(g) + C < SiC(s) + COfp) [6.3b)

Figure 6.2 XRD traces of K33 powder fired at 1450°C for 12 hours under different N,
flowtates: (a) 3t/ hr, (b) 30¢/ hr (standard), (c) 52€/ht.

[Key: a'=c-sialon, M=M'-phase, E=E’-phase, G=G'(gehlenite devitrification preduct),
T=TiN’, $=S8iC, F=FeSi', ?~unidentified].

The higher molecular weight of SiO (44 g/mol) compared to CO (28 g/mol) makes the
SiO(g) more difficult to sweep away in the N, gas than the CO(g). Therefore only at higher
flowrates will SiO(g) loss become significant and the resultant low SiO(g) partial pressure
(p[SiO]) have a noticeably negative effect on CRN. The flowrate above which SiO(g) loss will
be detrimental to o« formation will depend on factors relating to furnace and specimen
geometyy (ie. tube diametez, specimen size and density), and also on composition; Si-rich
compositions may accommodate higher SiO{g) losses and thus endure higher N, flowrates

without significantly affecting o’ formation.
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This effect may explain the different behaviour between the K06 and K33 compositions. The
low flowrate of 3€/hr produced the highest amount of o in both compositions, and
cotresponds to the least amount of SiO(g) loss expected from the sweeping action of the gas.
Considerably more o' was formed under a 3£/hr flowrate than when the composition was
fired under the higher, more aggressively sweeping 368/ hr flowrate. The higher flowrate
increased the extent of SiO(g) loss, and the Si-rich K06 composition was able to more easily
accommmodate this loss and still produce a predominantly o'-bearing powder, albeit with 2
small reduction ‘n o' content of 8%. The K33 composition, which contained much less SiO,,
could not accommodate the extensive SiO(g) loss, forming only 5% «'. Fusther incteasing the

flowrate to 528 /hr essentially preveated o from forming in this composition.

Admittedly, the CRN reactions were not fully complete in the K33 sample fired at 3£ /hr, as
evidenced by the presence of M'-phase in the products after 12 hours. M'-phase was
previously found in equilibrium with o' and E' only during intermediate stages of CRN, where
it was consumed to form the final «'+E’ ‘steady state’ CRN product phases (Section 4.3.2).
The presence of M'-phase in the K33 sample fired at the low N, flowrate suggests that
although o' formation is now clearly more thermodynamically favourable, the low N, flowrate
has slowed the rate of the CRN reactions such that they could not be completed in this
sample within the 12 hour dwell at 1450°C. This is a direct result of the reduced CO(g)
sweeping efficiency; the higher p[CO] retards the reaction rate. Therefore, the use of lower N,
flowrates at 1450°C for a-sialon production may entail reaction times longer than 12 hours to

ensure completion of the reactions and final phase formation.

It was seen in Chapter 5 that the clay-P and sand based samples did not produce significant
amounts of o' after CRN for 12 hours at 1450°C with N, flowing at 308/hr. This was
attributed to a retardation of the diffusion kinetics resulting from the higher viscosity, SiO,-
rich liquids formed in these cotnpositions. The formation of nitride phase such as a-Si,N, and
D’-phase (nominally 2CaQO-Si;N) indicates that N has been incorporated into the system via
CRN, but further CRN reactions involving the solution and precipitation of crystalline phases
through the liquid could not proceed adequately. Altering the N, flowrate is therefore unlikely
to have a significant effect on the clay-P or sand samples, but to test this assertion the P02
(0.25:1 slag:iclay-P) and S03 (0.30:1 slag:sand) compositions were fired using the lower flowrate
of 3L /hr for 12 hours at 1450°C. As expected, no sigaificant change to the phase assemblies
of these samples could be detected via XRD, with neither sample producing significant
amounts of @', Diffusive reaction kinetics are ciearly a limiting factor in controlling the extent

of o formation via CRN.
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The above experiments have shown that by manipuladng the N, flowrate, it may be possible
to significantly alter the equilibrium CRN condit.ns to allow an essentially single-phase o
product to be formed from very high-slag compositions which wete previously unsuccessful at
producing o'. The optimum N, flowrate for a formation will depend on the composition of
the specimen, and will also be related to other factors such as sample density, furnace
geometry, and the fundamental CRN parameters of teaction temperature and time. It may
even be possible to produce highly o'-bearing powder trom just slag alone, without any clay
additions, by optimising the N, flowrate and other parameters. The economic advantage in
using lower N, flowrates to achieve highly o'-bearing powdetrs from high-slag compositions,

however, may be offset by the ionger reactton time required to complets the CRN reactions.

6.4 Seeding

The previous work on Mg-o formation via the CRN of talc and clay minerals demonstrated
that the addition of 3% «-Si;N, seeds almost tripled the quantity of o’ formed, from 35% to
>90%, as shown in Figure 2.8 (Zhang, Komeya, ef /. 2000). Seeding has also commonly been
used to boost the «-S;,N, content of Si,N, powders produced via CRN of $5i0O, (Kang,
Komeya, ¢f 4/ 1996), by lowering the energy barrier to nucleation through the provision of
pre—fbmled nuclei in the system. The choice of the seeding content for the K-series
compositions was discussed previously in Section 3.2.1, and was on average 6.5 wt% of the
total batch weight. This section presents the results of experiments designed to determine the
effectiveness of the a-Si,N, seeds added to the batch, as well as to investigate the possibility of
self-seeding the samples with CRN-o powder rather than a-54,N,.

6.4.1 Effect of 0-SiaNg Seeds

The standard K06 (0.62:1 slag:clay-K) composition contains 6.9 wt%e o-Si,N, seeds, which is
higher than the 3 wt% successfully used for Mg-o' formation (Zhang, Komeya, ¢z i 2000).
Three K06 compositions were created to investigate the effect of @-Si;N, on o' formaton:
0%, 2 wt% and 23 wt% a-5i;N, seeds. The 23 wt% o-5i,N, sample does not really represent a
‘seeding’ addition but was produced to investigate the effect of excessively high a-Si,N,
content. For these expetiments, the samples were uniaxially pressed under 10MPa to form
pellets for firing under the standard conditions {1450°C for 12 hours, 30{/hr N,).
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Figure 6.3 o' formation as a functica¢ <3Ny seeding centent for K06 pellets fired at 1450°C for
12 hou:x 1.2 "¢ Nz flowing at 308/hr.

No trace of a-5i;N, was detected in any of the samples after firing, indicating that all of the -
SiyN, had been converted to a-sialon, even in the 23 wt% a-SiyN, sample. Figure 6.3 shows
that the relationship between o content and seeding 1s essentially linear, which does not
reptesent a seeding effect; the small addition of just 2 wt% seeds should have produced a
dramatic increase in o' content if a seeding effect was operational, which was not the case.
The increase in seed content results in zn essentially monotonic increase in a'; the unseeded

K06 sample formed 66% o, and the addition of 2 wt% seeds increased the o’ content by 2%

to 68%. The 7 wt% seed addition incteased & by 9%, and the 23 wt% additon increased the

o' content by 25%.

It is clear that the a-Si,N, additions increased the yield of o in these K06 pellets, but this
occurred via direct a-sialon formation rather than by promoting o' nucleation. a-Sialon can
form directly from a-5i;N, by a solution-precipitation reaction with the Ca-Al-5i-O-N liquid
produced at >1300°C in the same way as a-Si;N, powder is converted to a-sialon durng
reaction-sintering (van Rutten, Hintzen, ¢f 4/ 1996). This direct o’ formation may account for
the o’ observed at very early stages of CRN (Section 4.3.2.1), where o’ was first detected at the
same point during CRN 4s the intermediate B’ and M'-phases weze first detected, together
with a large amount of liquid. It is not possible to determine whether the dissolution of pre-
existing «-SiN, into the liquid and subsequent precipitaicn of o' occurs before or
concurrently with the CRN formation of a-sialon, however these processes appear to be

independent and o' formation via CRN is not ir luenced by the a-Si;N, seeds in these
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samples. A different result was found, however, for loose powder samples that were not

compacted into pellets. This is discussed in the following section.

6.4.2 Self-Seeding with CRN-o' Powder

In the case of a-Si;N, formation via CRN of SiO, powders, the reactants are ‘self-seeded’ with
the desired final product, usually -Si;N, seeds to promote a-Si;N, production over the
undesired -Si;N, phase (Kang, Komcya, ¢z 2/ 1996). In a similar manner, rather than using a-
Si;N, powder to promote o' nucleation, CRN-0 porrder was used here as a ‘self-seeding’
addition to the K06 slag+clay-K mixture. CRN-o' powder froin previously fired K06 samples
was hand ground in an agate mortar and pestle to reduce the particle size, and 5 wi% was
added to the unseeded K06 batch mixrure. In these experiraents, loose heaps of both the
unseeded K06 powder and the CRN-o' seeded samples were reacted according to the
standard conditions. Table 6.4 lists the o' content of these powdets, along with the standazd

K06 composition with 7 wt% ¢-5i,N, seeds (fired as a loose powder), for comparison.

Table 6.4 Effect of type of seed on o' content of loose K06 powder fired at 1450°C for 12 houss

in N2 flowing 2t 39¢/br.

K06 Sample % o % E' (=19 ) Other phases
AN - mw FeSi’ -w
0 seeds 70 30 — SiC - vwd
5% CRN-a' 81 19 AN - w FeSi' - vw
seeds TiN’ - vor SiC - vw?
7 wt% a-Si,N, 94 6 AIN'-vw FeSi' - w
seeds TiN'-vw SiC - vw?

Ermor = £1%

Key to XRD intensity: s=strong, ms= medium strong, m=medium, mw=medium weak, w=weak, vw=very
weak, P=unable to be accurately quantified due to peak overap.

In the previous experiment using compacted peflets, the 7 wt% a-Si;N, seeding addition did
not produce 2 seeding effect, with the increase of 9% o corresponding to direct o’ formation
from the @-Si;N, addition. In the case of firing loose powders, a sceding eftect has been
detected from samples using both the a-5i,N, 2nd CRN-2' s¢eds. The 7 wt% «-Si;N, sceding
addition boosted the overall @’ content by 24%, resulting in a >90% o' product, which is

indicative of a seeding effect.
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The K06 CRN-a’ powder was much less effective as a seeding agent than a-Si,N,, with the 5
wt% o' addition producing only a 11% increase in o' formation, including the 5 wt%
contribution of &' seeds in the starting mix. One reason for this lack of effectiveness may be
the larger particle size of the CRN-o' powder compared to the a-Si;N, powder, (~1um versus
0.65pumy), and the effective particle size may be larger than this if the hand grinding was unable
to fully break up th agglomerates to separate the individual grains.

The difference between the sesding behaviour of a-Si,N, in the loose powder and the
previously examined compacted powder may be explained by the effect of compaction in
promoting intimate contact between the reactant particles. In the case of the compacted pellet,
intimate contact will promote dissolution of the a-Si;N, into the liquid formed at the CRN
temperature, which may be the source of o' precipitation at the very early stages of CRN as
discussed previously. In this case, the a-Si,N, particles are consumed before they can act as
nucleatton sites for the subsequent CRN reactions that are beginning to operate. In the loose
powder, the less intimate contact between reactants will reduce the rate and extent of
dissolution of the «-Si,N, into the melt, which gives the surviving a-Si;N, particles more

opportunity to act as nucleation sites for the preferential nucleation of CRN products.

These results suggest that seeding the mixture with a-Si;N, is much more effective than self-
seeding the mixture with CRN-a' particles, but only under certain conditions such as low
specimen deﬂsity — seeding did not promote o formaton in compacted samples. Previous
results from Section 6.2 suggest that optimising (lowering) the N, gas flowrate may be a2 much
more effective way to boost the a’ content of a composition, while minimising the cost and
complexity of the batch mixture. Therefore, this expensive additon to the batch mix may be

unnccessary.,

6.5 Effect of Elevated Temperature on CRN Reactions ard
Phase Stability

The reaction temperature is a fundamental parameter affecting the phases produced after
CRN. Previous studies have found that increasing the temperature of the CRN process or
heat-treating CRN-derived powders at elevated temperatures could increase the yvield of « in
the products (Mitomo, Takeuchi, ¢f @/ 1988; van Rutten, Terpstra, ¢z a/ 1995). It was seen in
Section 4.3 that the final phase assembly formed via CRN is not necessarily the true
equilibrium phase assembly, but the ‘steady state’ assembly that had formed after 12 hours of
reaction at 1450°C. The o’/E’ ratio in high-slag K-sedes compositions increased over the 12

hours of reaction, ana may further increase with extended reaction time. However only an
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incremental inctease in & was observed after 6 hours of reaction, thus it was assumed that at
12 hours the system was essentially at a steady state. The E' found with o after CRN is
therefote a metastable CRN intermediate phase that has not been converted to a’, but can do

so with further CRN, and involving solution-ptecipitation with the liquid phase.

Raising the temperature for CRN is one method that has been found to increase the yield of
o' (van Rutten, Tetpstra, er a/ 1995). However, there may be an upper limit to the benefits of
increasing the geacton temperature, as it was found in that study that SiC becomes
increasingly favourable over a’ formation above 1650°C. Unfortunately it was not possible to
directly test the effects of higher CRN reaction temperatures in this investigation, as 1450°C.
was the maximum temperature achievable in the reaction furnaces used for CRN. It was
possible, however, to indirectly obtain some insight into the role of temperature on the CRN
reactions by heat-treating previously formed CRN powders at higher temperatures. The
furnace used for these heat-treatments cannot replicate the conditions experienced duting
CRN, but the nitrogen atmosphere and elevated temperatures may promote the continuation
of CRN reactions that were kinetically hindered at 1450°C. In addition to the CRN reactions
‘continuing’ at higher temperatures, not~CRN related phase transformations may also occur in
the powders if the phases formed at 1430°C are unstable at higher temperatures. Densification
of the CRN-a’' powder is likely to require high-temperature firing in the range 1600-1800°C,
thus any phase transformations occusring during sintering will have significant implications for
the production of bulk materials from this powder. Heat-treating this powder thereby enables

an examinaton of the stability of these powders.

6.5.1 Stability of the CRIN Powders at 1600°C.

The predominantly o K02, K06, and P02-18 CRN powders were investigated here, in
addidon to the predominandy E'-phase K33 and the o'+D’-phase P08-18 CRN powders. The
samples contained varying amounts Of residual C after CRN, therefore to remove any
influence of this C on the samples duting firing, the C was removed via oxidation in air at

650°C for 2 hours in a muffle furnace ptior to heat-treatment.

Approximately 1g of oxidised loose powder was placed in individual graphite crucibles and
heat-treated at 1600°C for 1 hour under a slight positive pressure of N,, using in the furnace
described in Section 3.3.2, The results of XRD phase analysis of the powders after heat-
treatment (‘HT’) are given in Table 6.5, along with the onginal phases present in the oxidised

powder before heat-treatment (‘CRN), for comparison.
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Table 6.5 Phase analysis of oxidised (C-free) CRN powdcts heat-treated at 1600°C for 1 hour.

K02 K06 K33 P02-18 P08-18
Phase’ | RN | HT | RN | HT | RN | HT | RN | HT | orN | HT
Ca.o’ s s s S w w s s s 8
o~Si;N, w w mw
AIN’ w v vw
E!
( C aAlSle) w w w 3 s
D!
(2Ca0-SisNy) moomw

SiC-2H vw? w? vw? w? wr we ? P ? ?

TilN’ vw vw vw vw w vw
FeSi’ vw vw vw vw w W vw vw
G’ gehlenite

) vw vw W
(CMM:SIO})
unidentified m m
amorphous A A A A vw vw A A A A

Key to XRD intensity: s=strong, ms= medium strong, m=medium, mw=medium weak, w=weak, vw=very
weak, ?=unable to be accurately quantified due to peak overlap.
* The nominal composition is given but these phases may be solid-solutions.

% An amorphous phase is expected to be present, but not able to be detected above background in the XRD.

The K02 CRN powder (0.19:1 slag:iclay-K) displayed a considerable difference in phase
assembly after heat-treatment, as shown in Figure 6.4. The kinetic factors preventing complete
CRN in the K01 composition was discussed in Section 4.2.7, and in Section 5.2.3 regarding
the P-series compositions. Evidence of this kinetic difficulty was the presence of transient
CRN phases such as o-Si,N, amongst the final products, of which only a minor amount was
present in KO2. It has been established that the CRN reactions were hindered by a low volume
of high viscosity, SiO,-rich liquid, impeding the diffusion required to produce o’ via a
solution-precipitation process. It was suggested that increasing the time and/or temperature
for CRN would achieve a greater degree of a-sialon formation, and this appeats to be true in
this sample fired at 1600°C for 1 hour, where a-8i,N, was no longer detected and appears to

be converted to a-sialon and/or E'.
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Figure 6.4 XRD of oxidised (C-free) KO2 CRN powder: (a) before heat-treatment, (b) heat-
treated at 1600°C for 1 hour,

In the case of the P02-18 compositon, some reducton in the a-Si,N, content was observed,
however a significant amount still remains after heat-treatment. This indicates that the
viscosity of the SiO,-tich liquid in this composition is very high, and requires temperatures
even greater than 1600°C to allow for a sufficiently high degree of diffusivity to promote o

formation.

It was observed by van Rutten and co-workers that Ca-a' formation increased in CRN-o'
powders after heat-treatment via the dissolution of §' into the residual liquid and precipitation
of «’, a process that did not involve the further incorporation of N via CRN reactions (van
Rutten, Terpstra, ¢f o/, 1995). Similarly in the present system, the removal of residual C prior to
heat-treatment suggests that the extra Ca-o-sialon formed in K02 and P02-18 was purely the
result of a temperature-enhanced solution-precipitation process involving dissolution of the
intermediate «-Si,N, into liquid formed from the molten grain boundary glass. This is due to
the liquid having increasingly lower viscosity with elevated temperature, allowing for enhanced

rates of solution and precipitation.

However, it is also possible that the CRN reactions did continue somewhat during the heat-
treatment. An increase in SiC-content was observed in the K02 powder after firing at 1600°C,

despite the removal of residual C from the powder before heat-treatment. The oxidation firing

at 650°C for 2 hours should be adequate to remove all of the free-C present in the sample
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(lilsen and Weimer 1997), hence the source of C for SiC formation must come from
elsewhere. One possibility is that the SiC may have precipitated from amorphous Si-C
contained within the grain boundary glass, a feature discovered in the work by Ekstrom and
co-workers on the CRN of halloysite clay (Eksttom, Shen, e a/. 1998). Another potential
soutce of SiC formation is from C released from the graphite furnace components such as the
heating elements, refractory, and crucibles, during firing. The samples wete not shielded from
the furnace atmosphere, thus any C thau is released into the chamber from the furnace
components may enter the sample. A lime-green deposit charactetistic of SiC was found on
the bottom of the graphite crucibles where there was direct contact with the CRN powdet,
demonstrating that direct contact with C can result in SiC formation. For this reason, packing
powders are commonly used to isolate the samples from the furnace atmosphere (Hampshire
1994). The effects of packing powders on phase transformations in these CRN powders wiil

be discussed in Section 6.5.2.5.

The SiC formed during intermediate stages of CRN acts as a reductant for further CRIN
reactions between the crystalline phases, N from the atmosphere, and the liquid (Mazzoni and
Aglietti 1998). E’ is a known CRN intermediate phase, hence it is possible that the small
amount of E'-phase (nominally CaAlSIN,) produced in the K02 sample after heat-treatment
was formed as a result of continued CRN between the a-Si)N,, N, SiC, and the liquid. It is
interesting to note that both E’ and G’ (nominally Ca,ALSiO,) were formed in the heat-treated
K02 via CRN. Previous tesults in Section 4.2.7 showed that the closest composition to K02,
K03 (0.34:1 slagiclay-K), produced G' gehlenite as the main secondary phase to o', with E'-
forming compositions requiring considerably higher slag contents of 0.62:1 (K06) and above.
The formation of G' under the new equilibnum conditions at 1600°C is therefore not
surprising, however the formation of E' in the low slag K02 composition cleatly demonstrates
that the ‘steady-state’ phase assembly described in Section 4.2.7 does not represent true
equilibrium of the system, and only desctibes the ‘local equilibrium’ developed during CRN at
1450°C for 12 hours. Quite different equilibrium conditions exist at 1600°C, producing a
different balance of phase compatibility. It is possible that the small G’ peak at ~31.4°C may
be due to devitrification of the grain boundary glass upon cooling, rather than a product of

CRN reaction. However it is not possible to determine this without further analysis.

No significant changes to the phase assembly were observed in the other compositions heat-
treated at 1600°C for 1 hour. The K06 and P08-18 powders only experienced a slight decrease
in the amounts of the respective E'- and D'-secondary phases. This shows that the o' phase is

stable at elevated temperatures, and that minor amounts of secondary phases may be
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converted to o' duting sintering processes. However, it is not entirely clear whether this small
extent of conversion is purely due the higher temperature allowing for solution-precipitation,
or whether it is due to CRN reactions promoted by minot quantities of SiC, either residual ot

formed during heat-treatment.

The lack of any change to the E' content of the K33 sample was surprising, as preliminary
results showed that some conversion to ' could occur at temperatures ~1500°C. With the
desire to maximise the amount of slag used in o' production, the possibility of converting E’
to o' at elevated temperatures via heat-treatment, or even via additional CRN processes is very

attractive, and this is investigated further in the following section.

6.5.2 Factors Affecting the Conversion of E' to o’ in K33

The K33 phase assembly after 12 hours of CRN at 1450°C consists of mostly E', with minor
amounts of &', SiC, TiN', FeSi’, G’ and glass. The previous heat-treatment petformed at
1600°C on oxidised K33 powder with the residual C removed did not produce any increase in
the a' content, despite preliminary results suggesting this could be achieved. Four factors were
investigated here to determine their effect on promoting the conversion of E' to o
temperatute, C-content, powder compaction density and furnace environment (packing

powder).

The factors of temperature and C ate examined first, using samples of beth oxidised (C-free)
and as-fired (C-containing) powders heat-treated at 1600, 1700, and 1804°C for 2 hours. XRD
scans from the powdets after firing are presented in Figure 6.5, and the results of phase
analysis in Table 6.6.

6.5.2.1 ect of Temberature on i ctrons in K33

As with the previous 1 hour firing at 1600°C, extending the heat-treatment of the oxidised (C-
free) K33 powder to 2 hours at 1600°C did not produce any significant change in the phase
assembly from the initial CRN K33 powder. A large change was observed, however, when the
heat-treatment temperature was increased to 1700°C, where both the o’ content and the SiC
content of the sample incteased from ‘weak’ to ‘medium’, with the E’-phase remaining ‘strong’
as the dominant phase. The relative proportion of «'/E’ increased during this heat-treatment,
tising from ~1:4 to ~1:2 &":E', as calculated using Equation 6.2. Raising the temperature to
1800°C dramatically increased the amount of SiC present in the sample such that SiC became
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a) K33 Oxidised CRN Powder (C- free) b} K33 CRN Powder {with residuai C)
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Figure 6.5 XRD scans of K33 powders heat-treated at vatious temperatures for 2 hours.

[Key: a'=a-sialon, E=~E'-phase, §=8iC-2H, C=8iC-3C, G=G' gehlenite, T=TiN’, F=Fe8i'].

Table 6.6 Phase analysis of oxidised and as-fired K33 CRN powder heat-treated
at various temperatures for 2 hours.

K33 Heat-treatment
Oxidised (no C) As-fired (with C)

Phase | 600°C 1700°C 1800°C 1600°C 1700°C 1800°C
Ca-o’ w m w mw s

E s 5 mw s ms

SiC w? m? s? w? ms? s?
TiN' W vw W vw w vw
FeSi’ w vw vw?? vw w

G’ w w w w
glass W vw vw

weak, ?=unable to be accurately quantified due to peak ovedap.

Key to XRD intensity: s=strong, ms= medium strong, m=medium, mw=medium weak, w=weak, vw=very

164




Chaptor & Optimisation of the CRN Process

the dominant phase, as shown in Figure 6.5a. The stength of the XRD signals of both o and
E' are much lower compared to the SiC, indicating that the SiC has formed at the expense of

both of these phases, however the o":E’ ratio appeared to further increase to ~1:1.

t is the strong intensity of the SiC XRD signal produced here that enabled 2H-SiC to be
identified in this system. Only the 100% intense 2H-SiC(101) peak is usually observed in the
XRD scans from powders reacted at 1450°C, which at 20=38.1° ovetlaps both o’ and AIN',
making identification and quantification difficult. Al of the other 2H-SiC peaks are also
overlapped by other peaks, which provided no means for unambiguous identification in the
eatlier XRD scans, as discussed in Section 4.2.3.1.

SiC has several different polymorphs with hexagonal, cubic, or thombohedral unit cells and
numerous stacking sequences. The hexagonal SiC polymorphs are commonly referred to as o-
SiC, with the G-layer 6H-SiC being the most common -SiC polymorph (Lee and Rainforth
1994). The 2H-SiC polymorph detected here is relatively rare. In addition to 2H-SiC, a
significant amount of 3C-SiC was also produced after heat-treatment at 1800°C. The 3C
polytypoid has a cubic structure with a 3-layer st;lc]cing sequence, and is commonly referred to
as f3-SiC. The phase equilibria governing polytypoid formation are not relevant to the present
werk and will not discussed here. The JCPDS PDF defines the 100% intense peak for 3C-5iC
at 26=35.63° (PDF #29-1126), however the experimentally observed position in these
samples is often ~35.8 to 35.9°, which can ovetlap with 2 main E’ peak (83% intense) at 35.9-
36.1°, This small shift may be due to disturbances in the stacking sequence of the SiC crystals,
which is a common feature of SiC (Lee and Rainforth 1994). The other 3C-SiC peaks are
much lower in intensity, ~20-35%, and ditectly overlap o', E', or 2H-SiC peaks, hence this
phase has only been unambiguously identfied in this and other samples containing very high
SiC and very low &’ and E' contents (Figure 6.5).

The preferential formation of SiC at elevated temperatures is predicted thermodynamically, as
determined in the study by Wada and co-workers of phase equiliboa in Si-C-N-O the system
(Wada, Warg, ¢f /. 1988). Calculations of the equilibrium between solid $-Si,]N, and 8-SiC as a
function of temperature, N, partial pressure (p[N,]} and C activity (ao) show that for the
conditions closest to those used here (ac=1 and p[N,] = 1 atm), SiC is in equilibrium with
Si;N, at 1374°C, with SiC favouted at higher temperatures and Si,N, at lower temperatures.
Increasing the temperatute will promote SiC formation at the expense of Si,N,based
materials, and this effect was observed here; a small amount of SiC is produced at the CRN

temperature of 1450°C, and increasingly higher amounts of SiC are formed at the expense of
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the nitride o'~ and E'-phases when firing the powder at temperatures >1600°C. The graphite

furnace components are the most likely source of C.

The above results showed that the extent of conversinn of E' to o' was enbanced by
increasing the temperature, however this may be due to the greater formation of SiC at
elevated temperatures, which promotes the conversion of E' to o’ via CRN. The deliberate
promotion of the CRIN reactions is examined in the following section, using non-oxidised

CRN powders, which contain some residual carbon-black.

6.5.2.2 Effect of Carbon on the CRIN Reactions in K33

The results of heat-treating the as-fired K33 loose powder that still contains the residual 3.5
wt% C are listed in Table 6.6 and XRD scans were given in Figure 6.5b. When compated to
the oxidised powders, more o' was formed after heat-treatment at 1600°C and 1700°C in the
C-containing samples, showing that C has a positive effect on enhancing the conversion of E'
to &', At 1700°C the o’ content was greater than that of E/, a situation that required the higher
temperature of 1300°C to be achieved in the C-free sample. This clearly demonstrates that the
formation of o' via CRN can be enhanced at higher temperatures, allowing a greater
conversion of intermediate CRN phases such as E’ to a'. Hence it may be possible to produce
highly a'-containing powder from slag-tich compositions such as K33 if CRN is performed at
temperatutes >1450°C. However, a-sialon formation is in competition with SiC formation,
thus there will be an upper limit to the temperature able to be used for CRN. At 1600°C the
amount of SiC formed was quite similar in both the C-free and C-containing samples. At
1700°C, however, SiC fotmaton was clearly favoured in the C-containing sample, and
increasing the temperature further to 1800°C produced 2 sample totally dominated by 8iC,

with no o’ or E' detected.

The work by Wada and co-workers in the pure Si-C-N-O system previously discussed in
Section 6.5.2.1 predicts increasingly favourable conditions for SiC formation at temperatures
above 1374°C (Wada, Wang, ¢f o/ 1988). It was also shown that SiC formation is enhanced by
increasing a, ie. increasing the C-content of the system. Hence it would be expected that SiC
formation would increase with temperature in all samples above 1374°C, and would also be
greater in all C-containing, as-fired CRN-K33 samples than in the C-free oxidised powders,
however this was not the case. Carbon was seen to have no significant effect on the extent of
SiC formation at temperatures below 1700°C, with SiC formation in the C-containing sample
exactly matching that of the oxidised sample at 1600°C. Only at 1700°C did the extra C seem

to have an effect, whereby SiC formation was enhan .ed in the C-containing sample (Figure
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6.5b). A similar sesult was found in other studies of &' production via CRN, where heat-
treating the CRN powder at temperatures 1500-1550°C enhanced the conversion of secondary

phases to o', but SiC formation was found to be favoured above 1650°C (Mitomo, Takeuchi,
et al. 1988) (van Rutten, Terpstra, e o/ 1995).

The above result suggests that the experimental conditions expetienced during heat-treatment
are very different from the thermodynamic equilibrium conditions used for the calculation by
Wada and co-workers, which do not reflect the complex chemistry of the present system. The
lack of increased SiC formation in C-containing samples at 1600°C suggests that there is 2
threshold temperature below which SiC formation is relatively limited, possibly due to
retarded diffusion kinetics. At 1800°C the cxtent of SiC formation was far greater in the C-
containing powder than in the oxidised powder, fully reducing the Si-Al-Ca-O-N phases o
and £’ to produce SiC. The Ca, Al, and other metallic species are thought to be partially lost
from the sample through volatisation at the high temperature, with the remainder forming the
grain boundary glass. TiN' was the only other phase stable in this sample at 1800°C.

It would appear from these results that temperatures >1600°C are unfavourable for
densification of the CRN powders due to SiC production being thermodynamically
favourable. The stability of the nitride phases as opposed to the carbides can be improved
however, by reducing the a. in the system and increasing the p[N,] (Wada, Wang, ¢/ ol 1988).
The C effect is stronger and easier to achieve; in the work by Wada and co-workers it was seen
that changing the crucible material from graphite to BN raised the stability of SiyN, from
1374°C 10 1700°C, under 1 atm N, pressure. If the graphite crucible was used, a p[N,] as high
as 70 atm would be required to compensate and maintain nitride stability at 1700°C, In
practice, nitride ceramics are often successfully densified at these temperatures in graphite
furnaces using graphite crucibles without any SiC formation. This may be due to two factors
not examined by the previous firing of loose powders; compaction of the powder tnto pellets
for sintering, and the use of a packing powder to isolate the pellet from the crucible. These

factors are investigated further in the following section.

6.5.2.3 Effect of Compaction Pressure and Packing Powder on the CRIN Reacttons in K33
It was seen in Section 6.2 that compacting the powder before CRN hinders the ability of the

gas-phase reactants to penetrate the pellet and allow the CRN reactions to occur. Therefore, a
similar retarding effect on the SiC formaton and the CRN E'—a’ transformatton may be
expesienced if the CRN powders are compacted before heat-treatment to emulate sinteting.

Furthermore, packing powders (‘powder beds’) are often used when sintering nitride ceramics
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to prevent thermal decomposition of the pellets and side reactions with the crucibles. The
packing powdets used in sialon studies are commonly a 50:50 mix of Si;N,and BN powders
(Hampshire, Lonergan, ¢ a/ 1999). The Si;N, provides a similar envitonment to that of the
S1,N,-based precursor pellets, and the inert BN helps prevent densification of the packing
powder onto the sample. Large graphite crucibles filled with packing powder ate used so as to
keep the pellets as far as possible from the crucible walls and prevent any harmful

decomposition reactions occurring at temperatures in the range 1600-1800°C.

The effects of packing powder and sample compacton on the continued CRN convetsion of
E' to o in the E'-phase K33 powder were tested at 1800°C to determine whether SiC
formation could be adequately suppressed. The packing powder used was a variation on the
50:50 BN:SiyN, mix commonly used for the sintering of sialons; to account for the higher
oxygen content of the CRN powder and minimise diffusion, 10wt% of SiG, and one teaspoon
of slag was added to a 45:45 wt% mix of BN:Si,N,. Oxidised (C-free) CRN-K33 powder wos
used to prevent overly aggressive SiC formation at 1800°C, and this powder was uniaxially
pressed into lem diameter pellets under 40 MPa hydraulic pressure. The pellets were placed in
the centre of a large graphite crucible (diameter 80mm) filled with the packing powder
described above. Another compacted pellet was fired at 1800°C in a graphite crucible without
packing powder as a control, to examine the effect of compaction density alone. The results of
firing on the phase assembly are shown in Table 6.7, along with the previous results for the
loose powder heat-treated at 1800°C and the original as-fired CRN powdert, for reference.

Very different phase behaviour was observed for the two 40 MPa pellets fired at 1800°C for 2
hours with and without packing powder. The pellet fired in a graphite crucible without
packing powder produced a cohesive sutface layer of 2H-SiC. This may be expected from the
previously observed interactions between graphite from the crucible (and possibly the furnace
atmosphere) and the Si-rich CRN powder. In the case of the compacted pellet, the reactions
on the closely-packed sutface produced a dense SiC surface layer, ~hich essentially formed a
protective skin that provided no pathway for further diffusion of species (C, N,(g) or CO(g))
into or out of the core of the pellet. Hence the core remained reasonably unchanged from the
as-fired CRN powdet; E'-phase dominates the phase assembly and 2H-SiC is present only in a
‘weak’ amount, with no extra SiC formation seen. Nitrogen for CRN would also be prevented
from migrating to the cote of the pellet, and any CO(g) evolved would also have difficulty
escaping. Thus although the 2H-SiC already within the powder could act as a reductint for
CRN, the dense SiC skin prevented the expected E’~»a’ CRN reaction and 5iC formation,
from occutring within the pellet. The XRD analysis shows that only a small extent of phase
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change was able to proceed in the core of the pellet, with the disappearance of the small trace
of o' present and the development of an unidentified impurity phase. This change is unique to
this peliet, and probably arises from a limited amount of SiC-assisted carbot’ crmal teduction
occurring in isolation within the core of the pellet, which may be assisted by the increased
contact between powder particles in the pressed pellet, allowing diffusive rearrangement to
occur, E'-phase may be mote stable than o' in the local equilibrium conditions within the

pellet core.

Table 6.7 Phases present after firing oxidised (C-free) K33 powder and pellets at 1800°C for 2
hours, with and without packing powder.

CRNas. Powder HT| 0 MPa pellet, 40 MPa pellet,
fired 12;3 o::m;:c no packing powder, | in packing powder,
powder 2hrs 1800°C, 2hrs 1800°C, 2hrs
Phase - oo — —
Ca-a’ w w S ]
E s mw s
SiC2H |  w? ; ) " —
SiC-3C
$i0, .
TiN' vw vw vw vw w
FeSi' W vw vw w vw
G w . N
Hum'dcntiﬁcd — mw
glass v "

Key to XRD intensity: s=stzong, ms= medium strong, m=medium, mw=medium weak, w=weak, vw=very
weak, ?=unable to be accurately quantified due to peak overlap.

The K33 sample fired in the packing powder produced a pellet with an unevean, white deposit
adhering to the surface. XRD analysis of the surface, followed by lightly grinding and re-
examination showed this deposit was SiO, that adhered from the packing powder (Figure
6.6b). The undertlying surface of the pellet was found to consist of Ca-t-sizlon, with none of

the other impurity phases cr E'-phase detected. The core of the pellet was also fully converted
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Figure 6.6 XRD of CRN-K33 peliet after heat-treating in packing powder at 1800°C for 2
hours: (a) CRN-K33 powder, (b) surface, and (c) core of fired pellet.

[Key: &'=a-sialon, E=E', T=TiN', F=FeSi', 5=2H-5iC, 0=5i0: g=glass,
?=unidentified phase].

to o, with a large amount of glass and no trace of E’ prrsent, but the TiN' and FeSi’
impurities remained (Figure 6.6c). It would seem that by preventing contact between the
graphite crucible and the sample, the E'=>a’ CRN reaction process could occur without
competition from the SiC formation reactions. The reductant for CRN was the 2H-SiC
alteady present in the CRN-K33 powder, which is undetected after heat-treatment, indicating
that it was consumed during CRN. Nitrogen could be supplied either directly from the St,N,-
BN-based packing powder, or from the N, furnace atmosphere which penetrates the packing
powder. Unlike the pellet fired without packing powder, no dense skin was formed on this
pellet, thus the reactants could diffuse through to the cote without hindrance. In fact, the

compaction of the pellet may have aided the E'5«’ reaction by increasing the contact
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between particles, a feature scen by other workers to be beneficial to CRN (Mazzoni, Aglictt,
et al. 1993).

This result suggests the possibility that high-slag-containing compositions such as K33 could
be used to form solid, essentially pure a-sialon bodies (but relatively high in glass content)
from powders containing only a small amount of the desired o' phase after CRN. The
tequirements for gas penetration into and out of the sample may however produce a relatively
porous matetial with degraded mechanical properties. In the K33 sample the required porosity
may result from the intrinsic coatse, plate morphology of the E' being unable to be closely
packed, producing large voids between plates through which the gas may travel. The density

of the pellet produced after fiting in packing powder is investigated in the following section.

6.5.3 Pressureless Sintering of CRN Powders at 1800°C

The previous firing of a pellet of CRN-K33 in packing powder at 1800°C for 2 hours was
essentally a pressureless sintering process. Three other compositions, K06, P02-18, and P08-
18, were fired according to the same process to gain some idea of the density and phase
behaviour of the CRN powders after pressureless sintering. After firing, the SiO, from the
packing powder that adhered to all four samples was ground off for XRD analysis and density
determination using the Archimedes method as outined in Section 3.4.7. The results are
presented in Table 6.8.

XRD analysis of the core material revealed that in all cases the pellets were essentially pure a-
sialon, with only ‘very weak’ amounts of the secondary and impurity phases detected. As with
the previously examined K33 pellet where there was total conversion of E' to o, the I)'-phase
present in the as-fired CRN-P08-18 powder was also fully converted to @’. No real change was
seen in the reasonably pure a' compositions K06 and P02-18, though the minor amounts of
AIN' and a-Si;N, in these compaositions, respectively, were also removed during sintering. The
‘purification’ of these powders after firing at 1800°C suggests that small amounts of secondary
phases such as E’, D’ or AIN’ may be tolerated after CRN and will be removed during

sintering processes.
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Table 6.8 Density of pellets pressureless sintered from CRN powders at 1800°C for 2 hous,

Composition Density Phases present | Phases present
(g/emy’) before sintering after sintering

o' () E' (vw), , "
K06 2909+ 0.007 | AIN'(vw) FeSi’ (vw) gnf;) FeST" (rw)

TiN’ (vw) (vw)

E’(s) o’ (vw) ' y
K33 2.430  0.003 i ' o' (s FeSi(vw)
gfg l(‘grw) TN e (vw) glass (vw)
P02-18 3.04 £ 0.02 a'(s) o-StNs(vw) | a'(9)  FeSi' (vw)
P08-18 3054004 (%O D@ oo e ow

FeSi'(vw) ? (mw)

Key to XRD intensity: s=strong, ms= medium strong, m=medium, mw=medium weak, w=weak, rw=very
weak, ?=unable to be accurately quantified due to peak overlap.

Conventional reaction-sintered Ca-a-sialon materials have a theoretical full density of
3.22g/cm’® (JCPDS PDF#33-0261), and all four pressureless sintered compositions are
considerably lower than this, including the two essentially single-phase o’ compositions K06
and P02-18. This may be due to limiteJ redissolution and mobility of the pre-formed Ca-a-
stalon. It will be seen in Chapter 7 that the K33 material contains large voids due to poor
packing of the coarse plates (Figure 7.8). Although these voids provide a pathway for the
gaseous reactants to complete the E'—a’ CRN reactions, the final density of this material was
the poorest of the four compositions tested, ~75% of the theoretical density. Cleatly the o
formed could not fill the voids. The a'+D’-containing P08-18 composition produced the
highest measuted density (~96% of the theoretical density). This is despite some porosity
assumed to be present to allow the CRN D'—a’ conversion to occur. The elongated D' zods
are several microns in length, (Figure 5.9) which are larger than the cquiaxed ~ipm o
particles. This bimodal particle size may allow for reasonably efficient packing, but at the same
time provide some porous pathways for the reactants to access the pellet for the D'/

transformation.

Excluding the very low-density K33 sample, the other three compositiors achieved densities
>90% of the theoretical density for Ca-e-sizlon. This is relatively low compared to the >98%
often achievable for conventional reaction-sintered products (Zhang 2002). Densification of

these powders via hot-pressing to achieve full density will be investigated in Chapter 7.
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6.5.4 Summary of Findings From High-Temperature Heat-treatments

The above results show that under the appropriate conditions (oxidised, compacted powder
embedded in a powder bed), the CRN-a' powders K06 and P02-18 are stable up to 1800°C
and can be densified to >90% of theoretical density by pressureless sintering at 1800°C. The
E'- and D'-containing powders K33 and P08-18 are unstable, but under the same conditions
these phases can transform via continuation of the CRIN reaction process to o', In terms of
petforming the initial CRN productions process at higher temperatures, care must be taken to

avoid temperatures and conditions such that SiC formation is favourable.

6.6 Conclusions for Chapter 6

This chapter has investigated the role of various processing variables and conditions on the
extent of the CRN reactions that produce Ca-a-sialon. The following conclusions can be

made:

e The N, gas flowrate was the CRN process parameter with the greatest impact on the
degree of CRN achievable in a given specimen at 1450°C. A 30€/hr flowrate is
generally too high, and removes an excessive amount of intermediate gaseous species
required for o' formation in addition to the unwanted gaseous CRN by-products.
Lowering the flowrate to 3€/hr achieved a dramatic improvement in the extent of o
formation, especially in the high-slag-containing K33 sample. However it appears that
the low flowrate may require longer reaction times (>12 hours) for completion. The
optimum N, flowrate will therefote need to be determined for each specific

composition, sample size, and furnace geometry.

e N, gas penetration into the samples can be improved by minimising the density of the
green body. Loose powers without any compaction produced the greatest extent of o'

formation, and increasing the compaction density reduced the amount of o’ formed.

e Si)N, seeds do not promote o formation in compacted powders, but do have a
positive effect on o formation in uncompacted powder samples. It is likely that
minimisaton of the sample density and optiniisation of the gas flowrate can promote
o formation more effectively than seeding, thereby removing the need to add
expensive Si,N, to the system. The use of CRN-a' powder to ‘self-seed” these powders

was not as effective in the uncompacted samples as Si,N,.
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The CRN reactions may proceed more effectively at higher temperatures, however the
CRN reactions may be in competition with SiC formation if sources of C are present.
The predominantly @'-containing powders K06 and P02-18 are stable at high
temperatures, and the «-SijN,, E'-, and D’-phases can be converted to o' if SiC
formation can be prevented by compacting the powder and embedding the pellets in a
nitride powder bed. The transformation to o' during high-temperature firing allows
for the possibility of producing Ca-a-sialon matetials by sintering high shg, low o'-
producing compositions. However the densities achieved via pressureless sintering

may be inadequate.
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Microstructure and Property Evaluation of
Ca-o-Sialon Bulk Materials

The previous chapters have focused on gaining a detailed understanding of the carbothermal
reduction-nitridation reaction process for producing o-sialon from mixtures of slag and clay.
Specific attention was paid to determining the best compositions for o' production,
mvestigating the details of the CRN reaction mechanism, determining the influence of process
parameters on the final products, and examining the high-temperature stability of the
powders. It has been shown that the CRN reaction process can be controlled via the

manipulation of several compositional and process parameters to produce reasonably pure Ca-

a-sialon-bearing powders from inexpensive slag and clay mixtures.

The o-sialon product from the CRN process is a powder, not a densified solid body, hence
there may be new opportunities for novel applications to be developed for o-sialon powder;
for example as abrasive grits, or mixed into other materials as hard inclusions to form new
romposites. Many conventional applications, however, require bulk materials to be densified
from powder precursors, and any economic advantage for producing o-sialons inexpensively
from slag can only be realised if the densified material provides a similar level of performance
to that expected from conventonal a-sialon bulk materials. It is not expected that a Ca-a-
sialon material produced from impure, slag waste will exactly match all of the performance
characteristics of Ca-a-sialons formed from pure chemicals, especially at high-temperatures.
However many low-temperature industrial applications may potentially take advantage of an
inexpensive o-sialon matenal if the petformance is not overly compromised and intrinsic
properties, such as hardness and wear tesistance, remain high. Therefore it is necessary to
conclude this investigation with an evaluaton of some basic physical and mechanical

properties of this material, to gauge its potential for commercial applications.

The four compositions chosen for analysis were those investigated in detail previously: K06,
K33, P02-18, and P08-18. Hot-pressing was used to produce fully-dense bulk materials and
this process is outlined in Section 7.1. Detailed analyses of the microstructures of the densified

matetials are given in Section 7.2, and Section 7.3 discusses the results of hardness and
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fracture toughness determination; these are parametets impostant to the dry erosion tests to

be descrdbed in Section 7.4.

7.1 Hot-Pressing

Previous results in Chapter 6 showed that pressureless sintering was unable to produce fully
dense materials from the CRN powders, but the CRN reactions progressed such that zll the
secondary phases transformed to o' to produce essentally pure o-sialon materials. Hot-
pressing is a densification technique used to overcome sintering difficulties, and was used here

to produce fully dense samples for microstructural examination and mechanical testing.

7.1.1 Experimental Procedure

The hot-pressing procedure was desctibed in detail in Section 3.3.3 b;t will be outlined brefly
here. The four powders chosen for densification were the predominantly a-sialon K06 and
P02-18; the predominantly E'-phase K33; and P08-18 which was a mixture of o’+D’-phase.
Residual carbon was removed from the powders after CRN by oxidation at 650°C for 2 hours,
and pellets were uniaxially pressed at 10MPa in a 1 inch diameter die. BN powder was used as
a packing powder to prevent contact of the pellet with the graphite die parts, and hot-pressing
was performed at 1700°C for 1 hour under 20MPa applied pressure. After pressing, the BN
that was lightly adhered to the pellet surfaces was removed by sandblasting, and the as-fired
sutfaces were analysed via XRD. The surfaces wete then ground away to enzble density

determination and XRD analyses of the bulk material.

7.1.1.1 Green-Body Fragility

To improve the transportability of green-bodies, an intermediate step of cold isostatic pressing
(CIP-ing) of the uniaxially pressed pellets is often used before hot-pressing. The procedures
used here involve first vacuum sealing the uniaxially pressed pellets in two or three layers of
polyethelyne bags, which acts as an airtight, flexible meld for CIP-ing at 250MPa. CIP-ing has
the dual purpose of increasing the green-body density for better handling and slightly reducing
the pellet diameter to enable easier insertion of the 1 inch pellet into the 1 inch hot-press die.
During these experiments, however, few of the pellets survived the CIP-ing process; extensive
cracking or disintegration was observed after CIP-ing, and sometimes after just vacuum
sealing, indicating poor compaction density of the CRN powder after uniaxial pressing.
Lowering the pressing pressure to avoid excessive elastic springback did not overcome this

problem.
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Such fragility has generally not been encountered in pellets uniaxially pressed from laboratory
regent powders such as Si,N,, AIN, and SiO, when producing reaction-sintered o-sialon
materials. The CRN-o’ green-bodies are more fragile than those produced from laboratory
chemicals due to the CRN-o' powder being considerably harder and coarser than laboratory
reagents; the CRN-o' powder has a patticle size of ~~1um compared to 0.65um or less for
commercial Si,N, powder. This indicates that the production of bulk matetials from the CRN-
o’ powder may require an additional processing stage to improve the packing properties of the
powder, such as reducing the particle size via milling, for example. The addition of a binder or
lubricant may also be useful for improving the green forming ptopetties of the powder, and
may allow the use of processes such as tape-casting, slip-casting, or injection moulding to
produce o' components with geometties unable to be ptoduced via reaction sintering.
However, any additional processing may contribute to increased cost of the final o

components,

For the hot-pressing performed here, the diameter of the uniaxially-pressed pellets was
reduced to fit in the die by manual grinding of the circumference of the pellets on abrasive $iC

papet.

7.1.2 Density of Hot-Pressed Pellets

A distinct surface layer was noticed on some of the pellets after hot-pressing, and this layer
was analysed by XRD before being removed via grinding for density determination. Density
determination was petformed using the Archimedes method in water, and the average resulis
from two pellets of each composition are presented in Table 7.1, along with the main phases
identified in the core of the pellets via XRID. In terms of notation, the pellets pressed from the
P02-18 and P08-18 powders will be referred to as simply P02 and P08, respectively.

The theoretical density of Ca-oe-sialon (m=1.6, n=1.2) is generally taken to be 3.22g/cm’
(JCPDS PDF #33-0261). The three compositions other than K33 produced densities near the
theoretical density, with the K06 sample exceeding it. This is due to the higher m-value of the
o'-phase in K06 (m=2.4), which reflects a higher amount of interstitial Ca®" in the structure
that will increase the density. Heavy elements such as Fe and Ti also increase the density, and
by producing dense secondary phases such as TiN, which has a density of 5.39g/cm® (PDF
#38-1420). Therefore, the density of materals densified from heavy metal-containing CRN
powders will be intrinsically higher than materials produced from pure Ca-Al-Si-O-N

powdets.
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Table 7.1 Density and phases of bulk pellets hot-pressed at 1700°C.

Pellet Density of peilet Phases present in
(g'em’) pellet core
o' (s) FeSi(vw)
K06 3.294 % 0.0005 B (o) TN €omg
E'(s) FeSi(vw)
K33 2.951 + 0.0003 o (vw) TIN (vw)
P02 3.192 £ 0.0008 of (s) FeSi(vw)
o (s) FeSi{vw)

P08 3.196 + 0.0006 D' (5 unidentified (vw)

Key to XRD intensity: s=strong, vw=very weak.

All compositions produced a significantly higher density after hot-pressing than was achieved
duting pressureless sintering, about 10% greater on average. The ranking of pellet densites did
not cxactly follow the pressureless sintering results (Table 6.8), with K06 producing the
highest density after hot-pressing. The two clay-P based pellets P02 and P08 have essentially
the same density despite having considerably different phase compositions. Replacing some of
the o seen in P02 with D’ as seen in P08 did not significantly alter the final density, which
suggests that the density of the pure D’-phase, which has not been reported, is roughly similar
to that of a-sialon. K33 remained significantly lower in density than the other three peliets,
which reflects the inhetent difficulty of densifying a microstructure consisting of coatse, plate-

like E’ particles without a sufficient amount of a second phase, such as glass, to fill the voids.

7.1.3 Phase Transformations During Hot-Pressing

During the pressureless sintering described in Chapter 6, continuation of CRN >1450°C
resulted in all four pellets being fully transformed to a-sialon. This occurred regardless of the
starting composition: E' from the K06 and K33 powders; o-5i;N, from the P02-18 powder;
and D’ from the P08-18 powder wete all converted to a'. However the density of these
pressureless sintered pellets was low, hence it was thought that it might be possible to obtain
single-phase o' materizls with full density via hot-pressing these powders. The XRD analysis
of the hot-pressed pellets presented here (Table 7.1} shows that this was not in fact possible,
and that the expected conversion of .secondary phases to &’ could only occur on the surfaces

of the hot-pressed pellets.
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Various sections and orientations of the hot-pressed pellets are discussed in this chapter,
hence it is useful to define the terminology used to describe the pellet orientation. A schematic
of a hot-pressed pellet is given in Figure 7.1. The pressing direction is indicated, and the round
planes parallel to the top surface and normal to the pressing direction will be referred to as the
‘flat pellet plane’ (Figure 7.1a). Generally, all XRD analyses of the pellet surfaces (before and
after grinding) are performed on the flat pellet plane unless otherwise specified. In some cases
the pellet is sectoned and the sectioned surface is analysed (Figure 7.1b). This is will be
referred to as the ‘pellet section’, which is parallel to the pressing direction, and thus normal io

the flat pellet plane.

a) b}

pressing direction pressing direction

pellet to

surfa »
'\ ot
AT '
’\\\\\\me\\\\ pellet section’ parallel
image plang

to pressing direction

‘flat peliet plane’
{shaded) norma!l to
pressing direction

Figure 7.1 Schematic showing orientation of pellets produced by hot pressing: (a) the “flat
pellet plane’ nommal to the pressing direction, used for all analyses and images presented in
this chapter unless stated otherwise, (b) the ‘pellet section’, parallel to the pressing direction.

It was seen in Section 6.5 that the continuation of CRN reactions involving N, from the
furnace atmosphere, SiC formed within the sample, and the liquid phase, caused the
transformation of minor secondary phases D', E’ and «-Si;N,, to o’. This ‘purification’ of the
o’ material was also observed after hot-pressing, where the minor trace of E'-phase was
removed from both the surface and the bulk regions of the K06 pellet, and a-Si,N, was
temoved from the surface and bulk of the PO2 pellet.

The two pellets K33 and P08 that contained large amounts of the E'- and 1)"-phases could not
fully transform to «'. A highly a'-containing layer was produced on the surfaces of these
pellets, but the bulk remained basically unchanged from the CRN powders. Figure 7.2
presents XRD traces of the K33 CRN powder, the transformed pellet surface, and the bulk of
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the pellet after removal of the sutface layer. ‘Uhe teansformed layer is alinost fully a-sialon,
with only a ‘very weak’ trace of E' remaining, The core region contains essentislly the same
phases as the initiall CRN powder of E/, plus minor atmounts of o and 2H-SiC. A similar
result was scen in the a'+D’ pellet pressed from P08-18 powdet, where the surface was
entirely transformed to o, and the core remains a combination of mostly a'+D’ (Figure 7.3).
Note that these XRD scans were taken of the flat pellet plane (Figure 7.12). The depth of

these surface layers is investigated via SEM and discussed later in Section 7.2.3.1.

a) K33 Powder

;

20 25 K1) 28 s 40 45

Figure 7.2 XRD showing phase transformations on the K33 pellet surface after hot-pressing at
1700°C: (a) K33 CRN powder before hot-pressing, (b) the as-fired pellet surface, (c) pellet core
after surface removal.

These results suggest that small amounts of residual CRN intermediate phases such as E', I,
and a-Si;N, may be tolerated in the final CRN powder and will be fully removed during
densification. However, the large-scale CRN transformation of massive quantities of residual

E'- and D'-phases during hot-pressing is not possible. This is because nitrogen cannot diffuse
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through the pellet while it is being densified duting hot-pressing, thereby preventing CRN

from occurring,

a’(102) «'{210)

a) P08-18 Powder

]

a'(102)

Figure 1.3 XRD showing D’ a’phase transformation on P08 pellet surface after hot-pressing

at 1700°C: (a) P08-18 CRN powder before hot-pressing, (b) as-fired pellet sutface, (c) peliet
core after surface removal.

It was shown in Section 6.1 that gas diffusion through the pellets is an important factor in
promoting the CRN reactions, both in delivering reactant N, and removing gaseous by-
products. In the case of pressureless sintering (Section 6.5.3), the pellets were uniaxially
pressed before sintering, but were reasonably porous due to the difficulty in compacting the
coarse CRN powders. Uniaxially pressed powders typically produce a compact with ~40%
porosity (Rahaman 2003), which is enough to allow easy diffusion of gases through the pellets,
and thereby aliow the CRN reactons to occur. In the case of hot-pressing, the pressute was
applied once the sample teached 1300°C which is the approximate temperature at which glass
melting (liquid formation) is expected to start. Consequently, the sample is being densified by

the time the favourable CRN transformation temperature (ie. >1450°C) is reached. This
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prevents the diffusion of gases into and out of the pellet as required for transformation due to
the removal of the porous pathways. Consequently, only the surface of the pellet is able to
experience sufficient gas diffusion *o produce o'; the N, gas cannot penetrate through to the
bulk. It is therefore extremely difficult to achieve CRN transformations throughout the bulk
of the pellets during hot-pressing. Any phase transformations that do occur within the bulk
must be diffusive transformations, such as particle growth ot solution-teprecipitation, that do

not rely on gas-phase reactions from the furnace atmosphere.

It is clearly not possible to use hot-pressing to fully transform thick pellets of the E'-phase
K33 powder or the highly D'-bearing P08-18 powder to @-sialon while simultaneously
achieving full density. Fully transformed components may only be produced if the sections are
sufficiently thin, ie. equivalent to twice the thickness of the transformed surface layer. Later
work in Section 7.2.3.1 will show this layer to be only ~0.1mm thick in K33. It is possible that
this surface transformation could be utilised to produce cote/shell composite materials that
have a core of E' or a’+D, surrounded by a shell of transformed a-sialon. The K33 material
may be of greater interest because it is less dense than o, which may result in a lightweight E'-

based material protected by a dense and hard a-sialon skin.

7.1.3.1 Preferential Orientation of a-Sialon

Another feature seen in the XRD of the o’ phases produced on the surfaces of the K33 and
P08 peliets (Figures 7.2b and 7.3b), is that they display considerably different relative peak
heights for the o'(102) and o'(210) characteristic peaks than seen in the CRN powd>1s (Figure
4.7, Figure 5.5). Note that these traces were taken from: the flat pellet plane. In the powders,

the a’(102) peak is usually the strongest o peak, however in these pellets «'(102) is much
weaker than o'(210). Such changes to the relative intensity of these two particular peaks have
been attributed to a preferred onentation produced during hot-pressing of reaction-sintered o
materials (Nordberg, Shen, ez 2/ 1997; Wang, Cheng, ¢f 2/ 1996). In these studies, it was found
that the primary growth of the o' grains precipitated from the M-Al-Si-O-N liquid was
anisotropic, producing o crystals elongated along the c-axis. This growth favoured the
direction normal to the pressing ditection (ie. along the flat pellet plane) because diffusion is
easier in this direction than normal to the pressure gradient. An additional texture-forming
mechanism was detected during the hot-pressing of B-Si,N, materials containing elongated
microstructures, where anisotropic growth acted together with rotation of the elongated grains
to produce an alignment of the grains parallel to the direction normal to the pressing direction
(Lee and Bowman 1992).
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In the CRN-o' materials hot-pressed in the present work, the o grains are pre-existing in the
material and are generally equiaxed, hence grain rotation s unlikely to be significant to the
texture produced in these samples. The preferred orientation must therefore occur via
anisotropic grain growth. A CRN-induced solution-precipitation mechanism is tesponsible for
the conversion of the metastable phaser ..n as E' to o', hence the a' precipitated from the
liquid may undergo oriented growth in the dircction normal to the pressing pressure. Where
the CRN reactions are himited, such as in the bulk of the pellet, some dissolution of the pre-
existing o' grains into the liquid formed from the molten grain boundary glass will occur,
which will then be re-precipitated and grow in the preferred orientation. Evidence of the

solution-reprecipitation of o grains is given in the TEM analysis presented in Section 7.2.2.

A greater extent of orentation was found in the transformed sutface layer of the pellets than
in the bulk of the pellets. Figure 7.3 shows that the a’(102) peak is slightly higher, relative to
the a’'(210) peak, than seen in the XRD trace of the pellet surface (Figure 7.3b). This is due to
the effect of CRN promoting a higher extent of solution-precipitation on the surface of the
pellets than in the bulk.

7.2 Microstructural Analysis

The mechanical properties of bulk materials are heavily dependent on the microstructure
formed during sintering. It is therefore useful to examine the microstructures that have
developed in the four hot-pressed CRN pellets to gain an understanding of the features that
will undezpin their in-service petformance. In addition, greater insight may be provided into
the densification process and sutface phase transformations which occur during sintering,

which are of interest to the further development of bulk CRN-o" materials.

7.2.1 Experimental Procedure

The methods for preparing specimens for microstructural analysis were detailed in Chapter 3,
and will be recapped here. Pellets from the CRN powder were hot-pressed at 1700°C for 1
hout, after which any BN which adhered to the surface was removed via sandblasting. Some
samples were lightly polished using 1200 grit paper and 1um diamond paste on a cloth lap for
examination of the as-fired pellet surface using a reflected light optical microscope. The
surfaces were then ground to remove any transformed surface layer, venfied by XRD, and
then polished to a 1pm diamond finish before etching in melten NaOH at ~400°C for 10s. In
some cuses both the surface and core regions of the pellets were etched and inspected.

Etching was used to remove the grain boundary glass and allow microstructural details to be
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obsetved in secondary electron mode in the SEM. Unlike a-sialon systems stabilised by heavy
Y* or RE-cations, which produce good contrast between phases in backscattered electron
mode, very little contrast exists between Ca-Si-Al-containing phases in either secondary or
backscattered electron modes. For detailed observation and analysis in the TEM, a foil was

made from a hot-pressed K06 pellet without etching.

The micrographs presented here were all taken in the pellet plane (Figure 7.1a), normal to the

pressing direction, unless stated otherwise.

7.2.2 K06 Pellet

No significant change to the phase assembly of the KOG pellet was detected aftet hot-pressing;
the pellet remained essentially pure o' with a small amount of AIN' and minot amounts of E'-
phase, FeSi’, and TiN’ impurities present. One difference obsetved between the powder and
the hot-pressed pellet was the development of a preferential otientation of the o-sialon grains,

as discussed in Section 7.1.3.1.

No microstructural features wete visible i1 the polished specimen under the low magnification
provided by the optical microscope. A K06 pellet was sectioned perpendicular t¢ the pellet
plane (Figure 7.1b) and representative micrographs of the etched surface taken via SEM are
presented in Figure 7.4. The majority of grains present are «', but the microstructure is
considerably non-uniform. The grains shown in Figure 7.4a display a generally fine, <lum
grain size, and are basically equiaxed with only a slight elongation (aspect ratio ~1.6) detected.
In Figure 7.4b, 2 few clongated grains with a much higher aspect ratio of >3 can be seen.
Although some slightly elongated o’ particles were found in the KO6 powder (Section 4.2.5),
the considerable number of elongated grains seen here suggests that the texture is 2 result of
anisotropic grain growth during hot-pressing, Some large, irregular grains with a morphology
indicative of solidification from a transient liquid are also seen in Figure 7.4b, and are features
associated with either porosity or the grain boundary glass (which was removed via etching).
Chemical 2nalysis via EDXS showed that the fine, equiaxed and elongated grains consisted of
Ca, Al, and St, which would b. expected of Ca-a’, and that the large grains were the Fe- and
Si-rich FeSi{' phase.
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Figure 7.4 SEM micrograph of K06 pellet hot-pressed at 1700°C. Note the grain boundary
glass was removed via etching in molten NaOH.

Closer inspection in the TEM (Figure 7.5) reveals finer-scale features not seen in the SEM
images shown above. Detailed phase identification was possible via both electron diffraction
patterns (CBEDP) and energy dispersive x-ray spectroscopy (EDXS), the results of which are
presented in Figure 7.6. It is this work that enabled the unambiguous identification of many of
the minor phases discussed throughout this thesis.

Both elongated and equiaxed o morphologies can be seen in the TEM bright fiell images
presented in Figure 7.5a, Small overlapping 250nm «' grains can be seen in Figure 7.5b with
hexagonal facets characteristic of a'. These are likely to be o' grains precipitated from the
liquid during hot-pressing. Small 40-100nm inclusions within the «' grains, identified as TilN’,

ate seen throughout the sample, and are indicated by the arrows in Figure 7.5,

The EDXS spectrum for o' in Figure 7.6a cleatly shows the Ca-ot'-sialon elements Si, AL O N,
and Ca. The Al:Si:Ca peak height ratio is 1:1.7:0.4, essentially unchanged from that seen in the
K06 powder (1:1.8:0.3). EDXS analysis of the powder produced by CRN at 1450°C showed
that the o' was only stabilised by Ca, and not Mg, and the result from the hot-pressed peliet
shows that even at higher temperatures where &' has a higher formability, no Mg has entered

the o structure. The carbon signal is an artefact from the conductive sample coating.
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Figure 7.5 TEM bright ficld overviews of K06 pellet hot-pressed at 1700°C. The phases were
identified via EDXS and diffraction pattern analysis presented in Figure 7.6. The acrows
indicaie TiN' inclusions.
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Figure 7.6 Typical convergent beam electron diffraction patterns (CBEDP) and EDXS
spectra of grains in the K06 pellet shown Figure 7.6: (a) a-sialon, (b) AIN’, (¢) TiN'
inclusions, (d) FeSi' grain.
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AIN'" was identified as the generally elliptical grains roughly 1um in length (Figute 7.5¢). This
morphology is suggestive of precipitation from the liquid phase (Wood 2001). The large
taceted inclusion in the left-hand AIN' grain in Figute 7.5¢ was found to be a-sialon, and the

inclusion indicated by the arrow was found to share the same TilN' chemistry as the smallet
ones in Figure 7.5a and b. In the wotk on the Ca-Al-Si-O-N system, Wood discovered that
very small amounts of Si and O could be substituted into the AIN structure, but not enough
to allow differentiation between the two phases by XRD or electron diffraction. The AIN
produced in this investigation was also indexed as AIN via XRD and CBEDP, but the EDXS
results indicate that the solid solution formed is slightly different to the AIN’ discovered by
Wood; in addition to the aforementioned Si** substitution for Al’*, some Mg®* from the slag
has also entered this structure (Figure 7.6b). No definitive O signal can be seen in the EDXS
spectrum, which may mean that the substitution of Mg®* for AP" balances the additional
charge brought about by the substitution of Si** for AP*. Although this phase should be more
propetly referred to as Mg-AlIN', the label of AIN' to indicate the solid-solution is sufficient

for the purposes of the present investigation.

The small inclusions within the o' grains (Figure 7.5) were identified as cubic TiN (Figure
7.6¢). The Ti originates from TiO, imputities found in both the slag and clay-K. The EDXS
spectrum was taken from the large TiN inclusion found in the AIN' grain shown in Figure

7.5c, and reveals that a small amount of Si** substitution for Ti** has occurred, hence the

designation of TiN’. The Al signal in the spectrum is from the surrounding AIN’ grain.

The dartk, strongly diffracting phase in the TEM (Figure 7.5d) corresponds to the large Fe-5i
blobs seen in the SEM, and was identified as cubic FeSi with a significant substitution of Ti*"
for Si** (Figure 7.6d). This large extent of solid-solution accounts for the lasge peak shifts seen
in the XRD, often up to +£0.3° for some FeSi' peaks. The Fe is also supplied to the system via
imputities in the slag and clay-K. The latge size of these grains relative to the other phases in
the system, suggests that their presence will have a detrimental effect on mechanical

properties.

Analysis of the residual glass is given in Figure 7.7. Given that the Ca content of this system is
far in excess of that required for o-sialon formation, it was not surprising to find the Si0,-
based glass to be also very rch in Ca. The remainder of the Mg is also accounted for in the
glass, as are many of the other trace impurities. The Mo signal is an artefact from the holder

used in the ion-beam thinning process. The sulphur is a2 residue from the gypsum
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(CaSO,.2H,0) added to the slag, which decomposes above ~1020°C (Gtimshaw 1971). As
mentioned in Section 4.2.2, the sulphurous smell detected in the powders after firing indicated
that not all of the sulphur was removed from the sample during CRN. Other volatile trace
elements from the slag such as chlorine, sodium, and pocassium are also not completely
removed, having been detected in other glassy pockets anaiysed via TEM. This also shows
that the glass does indeed act as a sink for many of the slag tmpurities. The lack of any Tiin
the glass indicates all of the Ti in the system was either consumed in TiN’ formation or

enteted the FeSi’ phase.

c) Si Ca
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Figure 7.7 TEM micrograph of K06 pellet hot-pressed at 1700°C: (a) bright field image
showing glass pocket, (b) amorphous diffraction pattemn, (c) EDXS spectrum from point
indicated in (a).

7.2.3 K33 Peliet

It was seen in Section 7.1.3 that the metastable E'-phase transformed almost fully to o’ during
hot-pressing, but only on the surface of the pellets. Understanding and controlling this

transformation may eventually allow single-phase a-stalon materials to be produced from high
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slag-containing compositions, therefore the both the bulk E' material and the transformed

surface layer are examined in detail in this section.

Figure 7.8a is an optical mictograph of the as-fired, transformed sutface (in the flat pellet
plane) of one such K33 pellet without etching and minimal polishing. Unfortunately, the small
amount of polishing performed on the sutface was enough to remove some of the
transfrrmed layer. XRD analysis showed that the E' from the underlying bulk was now
detected, along with the minor &’ and 2H-SIiC phases. Optical micrographs of the cote of the
pellet after considerable surface grinding to fully remove this transformed layer are presented

in Figure 7.8b and c.

The pellet surface has a highly heterogeneous microstructure. Both large and small pores are
distributed throughout the surface, some as large as 10-20pm, and others barely resolvable at
the magnification used. The light-contrast needles are the dominant phase found in this image,
which are up to 10um long and randomly oriented within the plane of the pellet surface. Some
are very long and fine. The shorter, fatter needles are most probably E' plates, which appear as
laths in cross section and can be identified by having a similar size to the E’ plates seen
previously in SEM images of the K33 powder (Figure 4.9). In some areas these laths are not
densely packed, and are seen to be penetrating into pockets of 2 medium-grey phase, most
likely the intergranular glass. The finer, elongated grains are likely to be elongated ¢-sialon
grains, which grow anisotropically and preferentially along the flat pellet plane of this image.
In areas that are considerably denser, the grain size is unresolvable at the magnifications used,
which may correspond to regions of the sub-micron o' grains usually seen in various
compositions in this system. The bright white spots scattered throughout the image are most

likely large, reflective, metal-based inclusions such as SiC or FeSt'.

XRD analysis of the core of the pellet after sutface grinding showed that the bulk 1s essentially
pure E'-phase, with some SiC present but no o' detected (Figure 7.2c). The density of this
sample was 2.951 g/cm’, which is quite low compared to the predominantly o' K06 pellet.
The dark ateas in the optical micrographs (Figure 7.8b and ¢) show that the bulk is extremely
porous, much mote so than the surface (Figure 7.8a). Some of the pores are as large as 40um
in diameter, and using the line-intercept method the porosity was estimated io be ~25%. The
E’ plates in the bulk of the pellet shown in Figure 7.8c also appear to be slightly coarser than
that seen on the surface and in the CRN powder (Figure 4.9). This indicates that sorne grain
growth of the E plates has occurred during hot-pressing,
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Figure 7.8 Optical micrographs of the K33 pellet hot-pressed at 1700°C: (a) as-fired surface,
(b) &(c) pellet core.

The high porosity seen in the bulk of the pellet is a result of the poor packing efficiency of
the coarse E'-phase plates, which causes wne formation of large voids. Grain becundary glass
can be seen in Figure 7.8¢ to be filling many of the smaller voids, but the amount of glass
present is insufficient to fill the lacge voids. The amount of glass available in the sample wall be
further depleted via consumption of the liquid for grain growth. The E'-phase plates on the
surface of the pellet did not undergo coarsening, but were consumed for ct-sialon formation
via the CRN reactions, hence the surface contained the lower porosity and finer grain sizes

shown in Figure 7.8a.
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SEM micrographs of the ctched surface and bulk regions of the flat pellet plane of a K33
pellet are shown in Figure 7.9, Pockets of lower density are visible, with some areas higher in
porosity or glass (removed via etching) and containing coarse grains; compared to other finer-
grained, deniser arcas. The pellet surface contains mostly fine, highly elongated o' grains with
characteristic hexagonal prism morphology indicative of elongation along the c-axis. A smail
number of E'-phase plates that were also seen to temain on the surface, as indicated in Figure
7.9b. EDXS was used to confitm the identification of the phases, and the results of this
analysis will be discussed below. The glass pockets on the surface also appear to be finer and
more evenly distributed than in the bulk. The coarse E'-phasc grains in the bulk display their
characteristic plate morphology (Figute 7.9c and d), with ateas of smooth relief being the flat
plates aligned planar with the sutface ana the elongated rectangular rods are plates sectioned
edge-on to the surface. Note that the image in Figure 7.94 is taken at a lower magnification
than that of the pellet surface in Figure 7.9b. The E'-phase is very soft, and unlike the other
three o'-containing compositions which required significant effort to polish, this sample was
easily ground on SiC papers, with a high rate of material removal. The arrow matked ‘¢’ in
Figure 7.9d indicates some transgranular cracking of the E' plates resulting just from the
polishing process. The area indicated by the attow ‘g’ is an underlying area of glass not
removed via etching, and the small particles visible in Figure 7.9 have been identified via
EDXS as either TiN' or FeSi’ particles.

Figure 7.10a presents an EDXS spectrum typical of the majority of elongated grains on the
pellet surface shown in Figure 7.9b. The ALlSi:Ca peak height ratio is 1:1.6:0.4, which is
essentially the same as that found in the a-sialon in K06, indicatng that this K33-w-sialon is
similarly high in Ca. This is consistent with the trend seen in Chapter 4, where the Ca-content
of o’ was found to increase with slag content, from ~1.2 Ca®" /unit cell for K06 to a maximum
Ca-content of ~1.5 Ca*' /unit cell for compositions K1V through K19. Therefore the a’ phase
in X33, which could not be analysed, should be high in Ca, as found in these EDXS results.

182




Chaplor 7 Microstruciure & Properly Evaluation
of Ca-a-sialon Bulk Matsrials

pellet surface

- B

Figure 7.9 SEM miciographs of the etched K33 pellet hot-pressed at 1700°C: (a) & (b)
transformed o' sutface layer with E’ plates indicated, (c) & (d) untransformed predominantly

E'-phase core, The atrow ‘¢’ indicates cracking produced during polishing, and ‘g' indicates a
pocket of tesidual glass.
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Figure 7.10 EDXS spectra from the K33 pellet hot pressed at 1700°C: (a) elongated &' rods on
transformed suiface, (b) coarse E’ plates from the pellet cote.

2.2.3.1_Depth of the E'>a’ Trausformed L aver in K33

Unlike the pressuteless sintered pellets in Section 6.5.3, the conversion of E' to o' was limited
to just the surface of the pellets during hot-pressing. Thick components hot-pressed from
K33 powder would thus form an o' shell over an E’' bulk, and only thin bodies might fully

transform to o', The depth of this transformation is investigated in this section.

A K33 pellet sectioned along the flat pellet plane and etched in molten NaOH is shown at a
low magnification in Figure 7.11a. The curved edge of the 1 inch cylindrical pellet is visible on
the right hand side of the image and is bright in contrast due to an electron charging effect.
The side-edge has undergone the E'->a’ conversion, and a dense, finer-grained transformed
layer is clearly visible, extending ~100um into the centre of the pellet. Figure 7.11b is an
enlargement of the edge area indicated by the square in Figure 7.11a, and EDXS showed that
all points in this area corresponded chemically to the &’ spectrum shown previously in Figure

7.10a. The o grains on the surface are fine and often elongated, with a diameter ~1um and
~4 pum in length.

Although a distinct boundary exists at a2 depth of 100um between the deasified, transformed
o'-layer and the undetlying core material, the o' formed from CRN extends further into the
pellet, with regions 400um from the edge containing significant amounts of fine, equiaxed o’
grains nestled in pockets between the coarse E' plates (Figure 7.11c). Only at a distance
greater than ~700um from the edge of this 1 inch pellet did E'-phase tonlly dominate the
microstructure, as expected from the XRD results (Figure 7.2).
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Figute 7.11 SEM mictograph of the etched K33 pellet hot-pressed at 1700°C: (a) low-
magnification overview of pellet showing dense surface layer, (b) edge of sample showing fine

transformed o' grain structure, (c) intermediate region ~400um from the edge showing
pockets of o' (indicated) located in voids between the E’ plates.

This shows that some of the N, present in the furnace atmosphere was able to diffuse into the
bulk of the pellet before densification of the surface layer closed off the porous pathways.
Some conversion of E' to o' was therefore possible via CRN at depths below the 100um

densifted layer.

In the case of an producing an E'/a’ core/shell composite materal, the discrete boundary

between the densified o' layer and the undetlying core material may lead to discontinuous
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property behaviour if this layer is breached, which may be patticulatly problematic due to the

very soft nature of the E'-phase matetial.

TEM analysis of the E'-phase tn the K33 pellet was attempted, however the specimen
preparaion technique could not be optimised for the soft, porous E'-phase material in the

time given. Excessive material was removed during ion milling, resulting in specimens that

were too thick for analysis.

7.2.4 P02 Pellet

The P02-18 powder before hot-pressing consisted predominantly of o', with small amounts of
a-Si,N, and possibly 2H-SiC present. Together with K06, P02 is considered to be a neatly
single-phase o'-forming composition. The hot-pressed P02 pellet showed little change in
phase composition, with the residual a-5i,N, removed and some texture of the o’ produced.

An SEM micrograph of an etched P02 pellet is presented in Figure 7.12.

The microstructure is reasonably uniform across the pellet, with no otvious concentrations of
glassy pockets or areas of high porosity. Less elongation, and a wider o' grain size distribution
of 0.2 to 2um is seen in P02 than in K06. The brght white dots on the surface of the

specimen are Ni contaminaton from the apparatus used to spuiter coat the sample with

carbon.

Figure 7.12 SEM micrographs of the etched P02 pellet hot-pressed at 1700°C, All grains ace o',
the bright dots are Ni contamination from sputter coating.
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An EDXS spectrum typical of the o' gra.ns is given in Figure 7.13, and shows that as in the
slag-t+clay-K system, the o’ is stabilised by Ca only and no Mg is incorporated into the latiice
after high temperature processing. The ALSi:Ca peak height ratio is 1:3.8:0.3, which is not
dissimilar from the ratio found in the P02 o’ powder, which was 1:4.1:04. As previously

discussed in Section 5.2.2.2, the o’ formed ‘- the low-slag P02 composition is much more Si-
rich than that in K06.
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Figure 7.13 EDXS specirum typical of o’ in the P02 pellet hot-pressed at 1700°C.

7.2.5 P08 Pellet

The P08-18 powder contained &', a large amount of D'-phase (nominally 2Ca0-53,N,), and an
unidentified phase in addition to the impurity phases TiN' and FeSi'. The surface of the pellet
after hot-pressing was fully converted to a' (Figure 7.3), and the core of the pellet retained a
predominantly o'+’ phase assembly. SEM micrographs of the core of the etched P08 pellet
are presented in Figure 7.14. The microstructure is non-uniform, with pockets of visibly
higher glass content revealed via etching. One such glassy pocket is shown in Figure 7.14a,
surrounded by a higher density, lower glass area. Figure 7.15b shows 2 higher magnification
image of the edge of the pocket where the difference in the density is clearly visible. Figure
7.15¢ is taken from within the pocket to reveal the grain structure.

It was observed previously (Section 5.2.2.3) that the P08-18 powder contained three distinct
particle morphologies with distinct EDXS chemical signamares. The «’ grains were equiaxed,
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submicron, with an ALSi:Ca ratio of 1:3.4:0.3 and an O:N ratio of 1:1.8. This is higher in Si
and lower in N than the larger, elongated D'-phase rods, which had an Al:Si:Ca ratio 1:2.8:0.3

and an O:N ratio of 1:2.8. The third unidentified particle was irregular in morphology and Si-
and N-rich.

Differentiation of phases in the hot-pressed pellet was difficult due to a lack of clear
distinction between the various particle morphologies and chemistries. A continuous range of
grain morphologies is present, including latge, 2-3pum equiaxed grains, elongated grains with
aspect ratios >3, and distinctly fine, rod-like grains with diameters 0.2-0.5um and up to 2pm in
length. In terms of the EDXS spectra, the peak height ratios displayed a continuous range of
Si- and Ca-contents relative to Al, and N-content relative to O. The AlSi:Ca ratio of the
examined particles ranged from 1:3.0:0.3 to 1:3.9:0.8, and the O:N ratio varied from 1:3.2 to
1:4.6. The grains of similar morphology were ranked in terms of Al:(Si, Ca) rato, and it was
seen that there was a cluster of grains with the highest Si- and Ca-contents combined with low
N-content, and these tended to be larger and equiaxed, and were thus designated as o-sialon.
The lower Si- and Ca-contents and high<tr N-contents tended to be associated with elongated
grains, and these were designated as L -uase. Without a clear delineation between o'-like
features and D'-like features, the cut-off points used for this categorisation were somewhat
arbitrary and based on the clustering of Al:Si:Ca ratios. However, many graias such as the
grain labelled x in Figure 7.14b had an indeterminate morphology and chemical signature that

could not be categonsed as o’ or D'

The EDXS peak height ratios averaged for the particles categorised as o’ and D’ are listed in
Table 7.2, and representative EDXS spectra of these phases are given in Figure 7.15. No St-N
rich phase seen in the powder (Section 5.2.2.3) was observed in the hot-pressed pellet. The
average EDXS peak height ratio for the particles intermediate to the o' and D' particles is also
given in Table 7.2. The large variation in particle chemistry obsetved in this sample may be
due to the very wide range of solid-solution found in the D'-phase; it was seen in Section
5.2.2.3 that the composition of D' as determined by EDXS was quite different to that of the
pute D-phase (nominally 2CaO-Si;N,). Cleatly considerably more work is required to clanfy
the structure and composidon of the D’ solid-solution formed in this system, however this is

outside the scope of the present study and was not performed.
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Figure 7.14 SEM micrographs of the etched P08 pellet hot-pressed at 1700°C. Examples of
grains assigned to &', D'-phase, and the unidentified phase (x), are labelied.
Table 7.2 Average EDXS peak height ratios of particles categorised as o', D', and
indeterminate in the P08 pellet hot-pressed at 1700°C. The equivalent EDXS ratios from the
P08-18 CRIN powder (Table 5.5) are also provided for comparison.
PO3 Pellet Al:Si:Ca peak O:N peak height | PO08-18 powder
Particle height ratio ratio (Al:Si:Ca / O:N)

o (81>3.6) 1:3.8: 0.7 1:3.4 1:3.4:0.3 / 1:1.8

D' (Si <3.2) 1:3.1: 04 1: 44 1:2.8:0.3 / 1:2.8
x(Si3.3-3.5) 1:3.3:0.5 1:33 1:6.5:0.2 / 1:3.0
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The o' phase in the P08 pellet appears to have a considerably higher Ca content than that seen
in the powder, with the Ca peak height after hot-pressing doubling from 9% to 18% relative
to Si. This Si:Ca ratio is similar to that seen in the K06-o' material (~24%), and is due to
redistribution of the Al and Ca in the system at the hot-pressing temperature of 1700°C. At
least one unidentified phase in the powder was seen to have a very high Ca-content (Table
7.2), and also contains some Al This phase was not detected after hot-pressing, thus the Ca
and Al will have been released into the system and become available to form a higher m-value
o' phase due to the higher fluidity of the liquid, and the greater extent of the o'-forming

region at higher temperatures.

7.2.6 Summary of Microstructural Analysis of Hct-Pressed Pellets

The main findings from the analysis of the hot-pressed pellet niicrostructures of the four

comporitions are:

¢ The two basically singlephase o powders K06 and P02 produced the most
homogenous microstructures, with generally equiaxed grains and the least amount of
glass. The K33 and P08 powders, whick contained phases other than o, were more

inhomogeneous, and produced larger pockets of glass and porosity.

o The hot-pressed K06 pellet contained generally fine-grained, ~1um, &' and AIN'
grains, with some elongated o' present. TIN’ formed small (<100nm) inclusions found
within o and AIN’ grains. FeSi’ impurities formed large 2-5um agglomerates
associated with a large degree of inhomogeneity in the pellet.

e The bulk of the K33 pellet contained large E' plates with considerable porosity. The
surface was remarkably different, with a fine, clongated o' phase produced via
continuation of CRN on the surface of the pellet. A dense o' layer was formed to a
depth of 100pm in the pellet, with a lesser degree of o’ formation observed at greater
depths to ~700um.

e The P02 pellet had 2 uniform distribution of Si-rich (Ca-poor) o' grains, roughly
equiaxed and 0.2-2pum in diameter, with a low level of glass.

¢ The bulk of the P08 pellet contained 2 varety of grain morphologies ranging from

equiaxed to fine elongated rods, with a continuous range of chemistries. The grains
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categorised as o' tended to be equiaxed and ~1pm in diameter, with the grains

categorised as D' tending to be elongated.

7.3 Hardness and Fracture Toughness

The characteristic property of a-sialon is its high hardness, therefore any evaluation of the
mechanical properties of bulk material produced from the CRN-o' powder must include a
determination of its harcdness. The fracture toughness of the material is another important
properiy, influencing the crack-forming behaviour of the material during processes such as
grinding and polishing, and affecting the etosion tesponse (Xie, Moon, ef a/ 2003). This
section presents the results of the determination of the hardness and fracture toughness of the
hot-pressed pellets. All tests were perforined on the pellet bulk material after surface removal,
using the Vickers indentation method under a 10kg load as detailed in Section 3.4.8. The

results are sutnmarised in Tabie 7.3.

Table 7.3 Physical and mechanical property data for K06 K33 P02 & P08 pellets

hot pressed at 1700°C.
Sample | Main Phases Density Hv Kic
(gfem?) (GPa) (MPam'?)
K06 o 3294100005 | 140:03 41403
K33 E 2951 +0.0003 | 2702 *
P02 o 3192+0.0008 | 148+05 41104
P03 o, D' 3196 0.0006 | 13.1£09 41106

* Not able to be determined due to extremely high porosity

The hardness was highest for the o2 predominantly single-phase o’ materials K06 and P02,
with the clay-P based P02 pellet having the highest hardness of 14.8 GPa. The predominantly
a'+D’ P08 pellet had a lower hardness than either of the single-phase o materials of 13.1
GPa, and the predominantly E'-phase K33 pellet had a considerably lower hardness of ~3
GTa. The indentations were performed on the least porous areas of the K33 pellet, however it
was difficult to accurately determine the hardness due to the considerable amount of damage

caused by the indentor head.
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The slag-based o' materials produced in this work are expected to be quite glassy due to the
high Ca-, Si-, and Al-content of the slag. The 0.25:1 slag:clay-P P02 composition contains
considerably less slag than the 0.62:1 slag:clay-K K06 composition, so it is likely to produce
less liquid than K06, resulting in a lower amount of residual glass. Although it is difficult to
verify any difference in the amount of glass between these two samples by visual inspection
alone, a compatrison of the SEM images for the P02 and K06 pellets in Figures 7.4 and 7.12
suggests that the P02 sample is slightly less glassy than K06. In the study of reaction-sintered
Ca-o' matesials by Zhang, it was found that an increase in the glass content was directly
related to a reduction in harcness, The lowest hardness of 14.5 GPa was found in the highest
glass-containing composition, increasing to 16.4 GPa for a single-phase ¢’ material (Zhang,
Cheng, e7 al 2001). The hardness of 14.0 and 14.8 GPa determined for the predominantly
single-phase &' matedals in this work are thus comparzable to glassy, reaction-sintered Ca-a’

matetials.

The values for K,, fracture toughness determined for the three samples K06, P02, and P08
were all basically the same at 4.1 MPam™, Fracture toughness was seen in the work by bYoth
Zhang and Wood to be heavily dependent on both the aspect ratio of the o’ grains and the
amonnt of glass present (Zhang, Cheng, & 4/ 2001; Wood and Cheng 2000). Both K06 and
P02 consist of sub-micron, generally equiaxed grains. Although some elongation is observed
in KO€¢, any contribution that these elongated grains makz to the toughness of K06 may be
offset by the large amount of glass present. These compositions have basically the same
microstructure and would therefore be expected to have essentially the same fracture
toughness, and this was observed here. The value of 4.1 MPam" is similar to the 4.5 MPam”
obtained by Zhang for Ca-o’ materials with equiaxed microstructures (Zhang, Cheng, ef 4/,
2001) In Zhang’s study, toughness was only seen to increase when highly elongated o grains
with aspect ratos >5 wete produced, which is considerably higher than the small extent of

elongation seen in the present work.

The P08 sample contained D' grains which appeared to have some degree of elongation
(Figure 7.14c), but no toughening effect was observed. This may be due to the considerably
high amount of glass observed in the P08 pellet, or the D'-phase being intrinsically less

resistant to fracture than o',

The fracture toughness for the K33 sample could not be determined due to the high porosity
of the sample; the severe cracking produced by the indentor extended beyond the sclid

regions and ran into the pores, making accurate measurement of the crack lengths impossible.
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The SEM image presented in Figure 7.9d shows transgranular cracking that was produced
during the standard grinding and polishing processes, highlighting the poor toughness of this
phase, despite its elongated morphology.

7.4 Erosion Resistance

There are many material propertes that may be examined to determine the suitability of the
slag-based o-sialons for industrial applications, including, oxidation tesistance, tensile and
compressive strength, high-temperature strength, and corrosion resistance. It is ualikely that
the CRN-a' material produced here will be suitable for high-temperature applicaticns due to
the high level of glass produced, which can dramatically reduce the high-temperature
performance (Hampshire 1994). Consequently, this matetial will be more suited to low
temperature applications. The work by Zhang showed that Ca-u-sialons possess greater
resistance to erosion by solid particles compared to other engineering ceramics, including the
widely used SiC and ALQO, wear materials (Zhang 2002). Wear resistant I'rings are therefore
one potential application to which a low-cost a' material would be ideally suited. This secton

presents the results of an investigation into the erosion resistance of o' materials produced via
CRN.

7.4.1 Experimental Procedure

Hot-pressed pellets K06, K33, P02-18 and P08-18 were ground to remove the transformed
layers and polished down to a 1200 grit finish using SiC paper. Erosion testing was petformed
using the dry erosion nig as detailed in Section 3.4.9. SiC grit with a mean diameter (d) °f
388um and hatdness 30.4GPa was used as the erodent. SiC was chosen based on the findings
by Zhang that the commonly used garnet erodent was much less eifective at erosion of Ca-¢t/,
due to it having a lower hardness than the o target material (Zhang 2002). The tests were
performed at incidence angles of 30° and 90°, to tepresent shallow sliding impacts and normal
impacts, respectively. The standard dosage used for the 30° imp:ct angle tests was 265g (90s
exposute), and 210g (60s exposure) for the more aggressive 90° tests. The samples were

weighed after each dose to determine the mass loss. After testing, the materials were coated in

carbon and the wear surfaces studied using the SEM.
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Figure 7,15 Cumulative mass loss of the samples vs. mass of SiC erodent for the four materials
K06, K33, P02, P(8, under impact angles of (a) 307, and (b) 90°.
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7.4.2 Cumulative Mass Loss

The steady-state erosion response, AE, is defined as the slope of the linear region of the graph
of cumulative volume loss plotted as a function of the mass of erodent impinging on the
material. The graphs of cumulative mass loss for both the 30° and 90° impacts are given in
Figure 7.15. A generally linear volume loss regime was experienced by the four samples, and
the least squares method was used to fit a line to the data. The values of AE calculated for the
four materials are given i Table 7.4, The erosion rate for brittle matetials is predicted to be
the highest for 90° impacts, due to the larger normal component of the impact velocity
(v'sin®) impacting the target (Sheldon 1966). This was found to be true of all four material
tested here, displaying higher AE under 90° impacts than under 30° impacts.

Table 7.4 Steady-state erosion rates (AE) for K06, K33, P02, P08 pellets, ranked in decreasing
order of erosion resistarce (increasing AE).

AE 30°impact | AE 90° impact
Sample (m’lkg xlo-ll:r) (m’[kg xlo.lo)
P02 (o) 3.7+04 13413
K06 (@) 113210 i81+14
P08 (D'+at') 11.4£09 284%15
K33 (E) 71.0% 15 188.7+18

The ranking of materials under both impactl angles is the same. The worst performing material
was the soft E'-phase pellet (K33), which displayed a considerably higher AE than the other
three materals. The a’+D' P08 composit'on had the next-highest erosion rate, slightly higher
than that of the predominantly o' K06 sample. The P02 &’ displayed the lowest erosion rate of
the four materials, and in the case of 30° impacts was significantly lower than K06, although

some deviations from linearity were observed.

Two theoretical models based on indentation fracture mechanics have been developed to
describe the erosion of brittle materials. Both are of the same form, and predict a power-law
dependenice on the erosion rate (AE) on erodent and target properties. The equation for

normal impacts is given in Equation 7.1.
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AE c V® D2/3 pp Kc-(4/3) Hq [7.1]

Here AE is the erosion rate, measured in mass ot volume loss per unit mass of erodent, v, D,

and p are the velocity, mean size and density of the erodent particles respectively, and K, and
H are the fracture toughness and hardness of the rarget material. The exponents are different
for the two models: in the ‘dynamic model’ the exponents #, p, and ¢4 are 3.2, 1.3, -0.25 (Evans,
Gulden, ¢f o/ 1978), and in the ‘quasi-static model’ are 2.4, 1.2, and 0.11 (Wiederhorn and
Lawn 1979). The two models both predict an inverse relatonship between erosion rate and
both the fracture toughness and hardness of the target material, however the fracture
toughness term is dominant. The three compositions K06, P02, and POB tested here all have
the same fracture toughness of 4.1 MPam” yet displayed teasonably different erosion
responses, which suggests that this model does not correlate well to the Ca-a’ matesials. This
is due to the influence of the more complex mictostructures found in these matetials than are
present in the glasses and single crystals upon which the models are derived. Additionally,
there are compositional factors that will alse influence the erosion rate. Fractute toughness
alone is therefore inadequate for predicting the erosion behaviour of these matenials, due to

the influence of their complex microstructutes.

The erosion rates did, however, follow the inverse of the hardness of the target materials, with
the hardest sample P02 displaying the lowest erosion rate. This correlation is less likely to be a
true prediction from the theoretical model but a reflection of the large effect of composition
on the measuted hardness of the pellets. K33 had the lowest hardness and lowest erosion
tesistance, and is com; osed of mostly E' (nominally CaAISiN,), which was shown to be very
soft (Section 7.2.3). In addition to the high-hardness ' phase, the P08 pellet contans D,
which has an unknown hardness. The overall hardness of the D'-containing pellet was lower
by at least 1 GPa than that of the single-phase o' materials K06 and P02, which may be due to
the D' most probably having a lower bardness than o', and which also may be the result of 2
high amount of glass in the sample.

7.4.2.1 Compariso -¢” to Reaction-Sintered Ca-¢¢’

Figure 2.5 showed that the reacton-sintered Ca-o' materials tested by Zhang possessed very
good erosion resistance, better than many commonly used wear resistant materials such as
ALO, and SiC. The best erosion resistance was found for reaction-sintered Ca-o' materials
produced by first pressureless sintering, then hot-pressing at 1700°C for 1 hour to achieve full

density. Under 90° impacts using SiC erodent the vadous Ca-o' compositions wete
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determined to have values of AE between 26-32 m’/kg x10"° (Zhang 2002). The two best f
performing CRN materials in the present study (K06 and P02) displayed even better erosion |
resistance, with AE between 13-18 m’/kg x10™". These tests were petformed on the same
erosion rig as used by Zhang and replicating the same experimental conditions. Therefore a
direct comparison is possible, and these results clearly show that the slag-based a-sialon
materials have a very good erosion resistance, greater than that of the pure Ca-ot' matetials
produced via reaction-sintering. These materials would thus perform significantly better than
the SiC and Al,O; materials shown in Figure 2.5, thus demonstrating that this inexpensive Ca-
o’ material may be well suited to the wear matenials market if it can be cheaply densified

without affecting its performance.

7.4.3 Eroded Surfaces

It was seen in the study by Zhang that the erosion zesistance of the Ca-0' materials were
heavily influenced by microstructural features (Zhang 2002). SEM analysis was performed on
the wear surfaces to investigate the erosion mechanisms operating in the four materials tested.
The erosion craters formed on the pellets were elliptical in the case of 30° impact, and circular
in the case of 90° impact. Representative micrographs were taken from the centre of the
erosion craters to enable comparison between samples. The four materials are presented in

inctreasing order of erosion resistance, ie. from worst to best.

2.4.3.1

The extremely poor hardness and toughness of the E'-containing K33 pellet has been
discussed previously in Section 7.3, where it was that even standard metallographic polishing
processes v.ere sufficiently aggressive to cause significant cracking in the sample (Figure 7.9d).
The eroded surfaces shown in Figure 7.16 display a vety high extent of damage under both
30° and 90° impacts, and have the faceted appearance typical of brittle fracture, with a high
degree of material removal occurring via transgranulat fracture. Some typical transgranular
cracks are clearly visible as indicated by the atrows marked ‘c’. Plastic smearing of the sample
is evident in the ploughmarks (indicated by ‘p’} in the sample eroded at 3C°, but these
ploughmarks appear to be shorter and less common than those seen in the other three
materials. Furthermore, considexably more ploughmarks and a larger amount of wear debds
are seen in the sample eroded at 30° than that ernded at 90°. Ploughmarks are indicative of
plastic deformation, and are longer at low impact angles when the impacting erodent particts

have a high horizontal component of velocity (Zhang 2002).
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Figure 7.16 Eroded surfaces of the K33 pellet: (a) & (b) 30° impact (the impact direction is

from top to bottom in the images), (¢) & (d) 90° impingement. Examples f microcracks (‘)
and ploughmarks (‘p’) are indicated.

These erosion features indicate transgranuiar fracture was the dominant erosion mechanism in
this sample. This is largely a result of the microstructure consisting of coarse, interlocking, but
soft E’-phase grains, and a very high level of porosity. Pores act as points of stress

concentration, enabling easier crack iniiation in the surrounding material (Zhang 2002).
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7.4.3.2 P08

The erosion rate of the a'+D'-containing P08 sample was nearly the same as that of the
predominantly o’ K06 sample for 30° impacts, however it was significantly lower under the
moze aggressive 90° impacts. Previous anzlysis of the microstructure showed that it contains a
coarse morphology consisting of equiaxed o’ grains ~2-3um in diameter, with elongated D’
rods up to 2um in length. A large amount of glass is also present, unevenly distributed in
pockets throughout the sample (Figure 7.14). The SEM images of the eroded surfaces of the
P08 materal are presented in Figure 7.17, and show a large amount of wear damage evident at
both low and high magnifications. The cracks indicated in the low magnification view of the
P08 peliet eroded at 30° (Figure 7.17a) are long radial cracks. Ploughing and plastic smearing
of the matenal is evident in eroded surfaces under both 30° and 90° impacts. The eroded
surface after normal impacts (Figure 7.17¢c) shows a considerably greater extent of plastic
deformation; large flakes of plastically smeared matenial are visible, with grooves produced
from the cutting action of the hard SiC erodent particles.

The higher magnification image in Figure 7.17b cleatly shows that the cracks produced after
mmpact at 30° are intergranular, with no evidence of transgranular cracking or fracture present.
In the case of normal impacts, the cracking was also generally intergranular, however several
regions were revealed where large, plate-like agglomerates were visible after erosion. These
may belong to the unidentified phase in the P08 pellet. As with the plate-like E'-phase, a great
deal of transgranular fracture has occurred in these coarse, plate-ltke grains.

Molten drips of rraterial wete another feature seen in the P08 sa.uple eroded at 90° [Figure
7.18). The walls of the erosion crater from where this image was taken were reasonably
smooth, which suggests that this area was a one of the glass-rich pockets, and the drips aze the
result of localised melting of the grain boundary glass. The glass in this system may be
expected to starc melting ~1300°C, and it was seen in the work by Zhang that temperatures
sufficient to melt the garnet erodent (~1250°C) were generated by from the local heating
caused by transfer of energy from the erodent particle to the target. Therefore it may be
possible for the glass in this system to be partially melted via this localised heating effect,
producing the drip-like formations seen in Figure 7.18. The plastically deformed surface will
become smooth rather than ploughed due to the ability of the glass to flow and accomniodate

the plastic deformation.
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Figure 7.18 Partial melting of grain boundary glass in the P08 pellet eroded at 90°,

2433 K06
The K06 sample had a generally finer microstructure than P08, and displayed slightly greater

erosion resistance, particularly under 90° impacts. The eroded surfaces of the K06 sample
(Figure 7.19) appear to be less damaged and uneven than in the P08 sample. Plastic smearing
1s visible after both 30° and 90° impacts, and as with the P08 sample larger flakes of defortned
material were produced under the more aggressive 90° impacts than under 30° impacts, but
these flakes lacked the grooves seen in P08 at low magnifications. At high magnifications, the
sample eroded at 30° (Figure 7.19b) shows mostly intergranular cracking, and the 90° eroded
surface also contains largely intergranular cracking, but with some evidence of small-scale
plastic cuttng seen in the step-like groove marks in some areas (Figure 7.19d). Few elongated
grains were observed in the eroded surfaces of these pellets, thus these appear to have no

significant effect on erosion resistance.
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matenals eroded at 30°, often >10um, and are indicative of 2 large extent of plastic smearing
of the deformed material. The smooth surface and lack of wear debtis suggests that the
impacting particles are causing significant plastic deformation and smearing of the material,
but this material is not being removed from the surface, a feature reflected in the extremely

low rate of mass loss observed under 30° impacts.

Figure 7.20 Eroded surfaces of the P02 pellet: (a) & (b) 30° impact (the impact direction is
from top to bottom in the images), (c) & (d) 90° impact.

In the higher magnification view shown in Figure 7.20b, individual equiaxed o' grains are

clearly visible, indicatng that cracking is intergranular in nawre and follows the grain
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boundaries, thereby allowing for grain ejection. The damaged surface of P02 eroded at 90°

shows a considerably higher amount of wear damage than that at 30°, indicating that the tar-zt
matetial was more effectively removed under this condition. The higher magnification image

shows a significant amount of plastic smearing has occurred, but the outline of the grains ate
still visible, which shows that the cracks are intergranular (Figure 7.20d).

7.4.4 Discussion of the E-osion Behaviour of CRN Materials

All four materials displayed some erosion characteristics as expected from previous work on
the etosion of brittle materials. Ploughmarks are the result of plastic deformation by the
impacting particles. The ploughmarks formed under 30° impacts were generally long and
parallel to the particle impact direction, due to the high horizontal, sliding component of the
particle velocity, whereas under 90° impacts the ploughmarks were shorter and more

randomly oriented. At 90° erosion, all of the kinetic enetgy of the impacting particles is

transferred to the sample, resulting in higher rates of erosion, 2 greater extent of material

removal, and generally less wear debris remaining on the surface (Zhang 2002).
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As seen in the work by Zhang, the erosion mechanism in the Ca-o’ matetials with fine-grained

equiaxed microstructures (K06 and P02) was predominantly intergranular cracking around the
grains, followed by grain ejection (Zhang 2002). The intergranular cracks are formed via

linking-up of the small-scale lateral cracks produced by repeated particle rmpacts, which then
allows for grains to be ejected. Grain ejection was also the predominant matenal removal
mechanism in the coarser, ge-rally equizxed P08 material, where the presence of a small
volume of fine D'-phase rods did not appear to provide additional toughening mechantsms to
the material. Areas with coarse, plate-like grains in the P08 sample, and in the whole of the
K33 sample, displayed transgranular fracture to be the main matedal removal mechanism, as
seen in Ca-ot’ materals with coarse, elongated «' and AIN-polytypoid morphologies in (Zhang,
Cheng, ¢ 4/ 2001).

The K33 material, comprising of very coarse E’-phase plates, with some small pockets of o
and extremely high porosity, showed extremely poor erosion resistance. The porosity is a
defect that facilitates crack initiadon under low stress, which when combined with the
apparently low intrinsic hardness of the E'-phase, produces very poor mechanical behaviour.
Although it may be expected tha’ the addition of large plate-like grains to a fine, equiaxed

microstructure may provide some addiional toughening, for example by crack deflection, it is
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unlikely that the soft E’-phase would be beneficial to the toughness of a-sialon materials
produced here, and thus should be minimised from clay-K based samples.

With a higher glass content and coarser grains, the P08 sample displayed a poorer erosion
resistance than the lower-glass, finer grained K06 and P02 samples. The P08 sample has
genenally equiaxed o' grains 2-3um in diameter, compared to K06 with a grain size 0.5-1um
and P02 with 0.2-2um sized grains. The low resistance to erosion was seen in the high degree
of plastic deformation and in the partial melting of the glass caused by the heat generated
through particle impact. In the work by Zhang it was shown that an excessive amount of glass
in Ca-a' compositions was detrimental to erosion resistance due to its intrinsically poorer
resistance to fracture than crystalline materials. Also, coarse equiaxed microstructures
performed worse than fine equiaxed microstrictures due to lower crack-growth resistance to
the type of short cracks nitiated in erosion (Zhang, Cheng, ¢f 4/ 2001). Therefoze it follows
that the ¥08 sarip:le performed worse than the K06 and P02 samples.

The P02 and K06 -ompositions behaved similarly under 90° impacts, and had the lowest
erosion rate of all four materials tested. Both materials had similar hardness, with P02 being
slightly harder than K06 (14.8 GPa vs. 14.0 GP2). The microstructure of these two materials is
also quite similar, consisting largely of fine equiaxed o' grains, with the P02 appearing to
contain less glass and in:punty phases such as FeSi' and TiN'. The biggest difference in
erosi~n behaviour was observed for the sliding impacts at 30°, where the material removal rate

for the P02 sample was very low.

It is not possible to state with certainty which microstructural features in the P02 sample are
responsible for the low erosion rate, or the difference in erosion rate seen between P02 and
the stmilarly a'-containing K06. The K06 sample is mote slag-rich, which will cause the
formation of gteater amounts of impurity phases such as FeSt' and TiN', which may be
detrimental to erosion resistance. The K06 sample also contains a small amount of E' which
extremely poor erosion resistance. Another candidate is the amount of grain boundary glass in
the two samples. Excessive amounts of glass are detrimental to erosion resistance due to its
inherent softness, however Zhang has shown that in Ca-o' materials, the presence of some
glass can significantly improve erosion resistance, lowering the erosion rate by ~30% in some
samples (Zhang, Cheng, e al 2001). The glass cushions the grains from stresses and enhances
the bonding between grains; removal of the glass by devitrification heat treatment was found
to reduce the erosion resistance of all compositions when compared to the original as-sintered

materials. The P02 sample is expected to produce a quite a2 small amount of glass cotnpared to
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the other slag-based samples due to the very low slag content and SiO,-rich composition of
the clay, and this may be below the limit where it becomes detrimental to the erosion

resistance.

7.4.5 Summary of Findings {rom Erosion Resistance Testing of CRN Materials

® The two predominantly single-phase o' materials densified from K06 and P02-18
powder had higher erosion resistance than K33 and P08-18 pellets containing other
phases such as E’ and D'. These CRN-t’ materials may be potentially useful for wear

tesistant applications.

® The P02 matenal consisting predominantly of fine-grained o' and a lower amount of
grain boundary glass displayed the best erosion resistance, especially under conditions
of sliding impacts, than the K06 sample, which also contained fine-grained «'. This
difference in behaviour is most likely due differences in the amount and nature of the

glass in the two materials, and possibly a result of less impurity phases in PO2.

* The PO8 material contained an excessive amount of glass and a coarser grain structure,
which reduced its erosion resistance. The presence of elongated D'-phase rods did ot

appear to improve the erosion resistance of this material.

® The K33 sample, consisting of coarse E' plates and extremly high porosity, has

extremely poor erosion resistance, and would not be suitable for any wear applications.

7.5 Conclusions for Chapter Seven

Densified materal: from several compositions K06, K33, P(2-18 and P(8-18 were prepared
via hot-pressing and their microstructures, hardness, fracture toughness, and solid particle
crosion resistance were evaluated. Overall it was found that the materials produced from
peatly single-phase a' powders (P02 and K06) displayed the best mechanical properties. Some
specific findings from the work presented in this chapter are:

e ‘The K06 and P02-18 powders produced dense o' materials with a generally fine,
equiaxed microstructire, low porosity, and low glass. The P08-18 powder produced a
coarse, microstructure of & 2nd D'-phase, with a continuous range of chemistries and
grain morphologies from equiaxed to slightly elongated. The K33 sample produced a

very coarse, plate-like microstructure with ~25% porcsity.
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30° impact

=y

Figure 7.17 Eroded surfaces of the P08 pellet: (a) & (b) 30° impact (the impact direction is
from top to bottom in the i1~ uges), (c) low magnification image of 90° impact, and (d) image
of a different area showing transgranular fracture in an agglomerate of of plate-like grains
eroded under 90° impact. Note that images (¢) and (d) are not of the same area.
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Figure 7.19 Eroded surfaces of the the K06 pellet: (a) & (b) 30° impact (the impact direction is
from top to bottom in the images), (c) & (d) 90° impact.

7.4,3.4 P02

In terms of composition and microstructure, the P02 sample was most similar to K06, being
fine-grained and predominanty o'. It displayed the oreatest erosion resistance of all four
materials, and the eroded surfaces are presented in Figvz: 7.20. The most noticeable feature of
the surface of the P02 sample eroded at 30° (Figure 7.20a} is its smooth appearance compared
to the other matedals; very little flake formation is observed and there is little buildup of wear

debris on the surface. The ploughmarks are considerably longer than in any of the other
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Iron and titanum impurities formed impurity phases FeSi’ and TiN'. The FeSi phase
tended to form as large blobs and was associated with microstructural heterogeneity,
with probably having a detrimental effect on mechanical properties. Other impurities
from the slag are generally taken up by the grain boundary glass.

The ranking of materials in tetms of decreasing hardness was P02, K06, P08, and K33.
The two essentially single-phase «' had the highest hardness, indicating that the
presence of secondary phases such as D’ and E', and higher quantities of glass are
detrimental to the hardness. The fracture toughness of the K06, P02, and P08
materials were all essentially the same, and the slight slight elongation of grains found
in the K06 and P08 samples did not appeat to provide any increase In toughness. The
E'-phase in K33 is a soft phase with very poor mechasical properties.

The erosion resistance of the four materials followed the rank order of hardness, with
the best performing material being P02, which displayed an extremely high resistance
to erosion at sliding impacts. Intergranular cracking followed by grain ejection was the
dominant matepal removal mechanism in the equiaxed grained materials P02, K06,
and PO8. Brittle fracture and transgranular cracking dominated matedal removal in the

coarse, plate K33 sample, and in areas of plate-like grains in P08,

The mechanical properties of the P02 and K06 &' materials were generally comparable
with those produced from high-glass containing Ca-0t-sizlon matenials produced from
laboratory-grade reagents. The erosion resistance of the slag-based CRN-t:-sialons was

comparable to, if not better than, hot-pressed Ca-a' materals fabricated from pure

laboratory chemicals.
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Ghapter Eight

Conclusions and Suggestions for Future Work

8.1 Conclusions

This thesis has shown that inexpensive mixtures of waste steelmaking slag and clay can be
successfully used to produce a highly value-added, a-sialon engineering ceramic. The process
of carbothermal reduction-nitridation (CRN) can be controlled to produce predominanty a-
sialon powders from varous slag-containing compositions, and these powders can be
densified into solid bodies that have good mechanical properties similar to those of

conventional o-sialon ceramics produced from high-purity chemical reagents.

The standard conditions used for CRN in this investigation were a reaction temperature of
1450°C, a 12 hour reaction time, and N, gas flowing at 30€/hr. «-Sialon was produced under
these conditions from mixtures of slag and clay-K (kaolinite) combined in vatious ratios, with
carbon comprising 25 wt% of the total batch weight and ~6 wt% «-Si,N, seeds. Two
compositions wete found to produce predominantly «-sialon, with small amounts of AIN', a-
SN, or E'-phase (nominally CaAlSiN,), and a grain boundary glass also produced. The
o grains produced from these compositions wete solely stabilised by Ca with relatively high
Ca-contents, had a generally equiaxed morphology, and were ~1um in diameter.

Altering the composition by changing the slag content significantdy altered the phase
behaviour in these samples: compositions with a medium slag content produced gehlenite
(nominally Ca,Al,SiO,) as a secondary phase in equilibrium with o', and further increasing the
slag content produced an increasing proportion of E'. Most crystalline phases produced in this
system were obsetrved to be solid-solutions, including E’, G’ (gehlenite), AIN’, and the FeSi’
and TiN’ formed from Fe and Ti impurities present in the raw materials. The grain boundary
glass acted as a sink for many of the other impurities in the slag and clay, including Na, S, and
most of the Mg.

The CRN treaciion processes were studied and CRN was found to occur via three stages: 1)
decomposition and phase transformations within the oxide reactants during heatng to
1300°C; 2) melting of the oxide phases and early stage CRN between 1300 and 1400°C to
produce the first oxynitride phases; and 3) final product formation and elimination of
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intermediate phases with extended holding time at 1450°C. A low z-value B-sialon and M'-
phase (nominally Ca,AlSi,O,N,) were the two main intermediate phases produced dusing
CRN, which could be converted into & via a serdes of CRN-induced solution-precipitation
steps. The E'-phase product was also found to be a metastable phase that may be converted to
o' under more favourable CRN conditions. In high-slag compositions the glass may devitrify
upon cooling to produce gehlenite.

The kinetics of the CRN reactions wete found to be a limiting factor in the ability of the
system to produce the final, ‘steady state’ CRN phase assembly. The viscosity of the oxynitride
liquid produced during CRN was found to control the diffusion of the solution-precipitation
reactions that produce the final phases, thereby limiting the rate and extent of o’ formation. a-
Sialon production was enhanced via the formation of low viscosity liquids from compositions
rich m slag, or from composidons with relatively low SiO,-contents. SiO,-rich clay-P
(pyrophyllite) compositions experienced retarded o’ formation compared to clay-K, requiring
the longer reaction time of 18 hours to produce o'. D'-phase (nominally 2Ca0-Si;)N,) was the
main secondary phase in the slag+clay-P system. Further increasing the concentration of SiO,
by replacing clay-K with sand further increased the viscosity and prevented a-sialon formation

via CRN at 1450°C, even after reaction for 24 hours.

Penetration of N, into the samples was also observed to have a considerable influence on the
CRN process. The gas stream plays a pivotal role in beth delivering the reactant mitrogen to
the sample and in removing the unwanted by-products of the reversible, equilibdum CRN
reactions. Restricting N, access to the sample by compacting the powder into pellets retarded
the extent of &' formation due to increasing difficulty of achieving gas diffusion into, and out
of, the core. The surfaces of the pellets in direct contact with the flowing N, gas produced
significantly higher quantities of a-sialon, as did the uncompacted loose powder, which
formed the highest extent of o'. Excessively high N, gas flowrates were found to remove the
intermediate SiO(g) product from the sample, depleting the system in Si. This will be
dettimental to CRN and «' formation, especially in high-slag, Si-poor compositions which
cannot afford to be depleted in Si. The amount of a' formed in high-slag compositions was
significantly boosted by using a flowrate lower than the standard of 30£/hr used in this study,
however, this caused the reaction rate to be slower and required 2 longer reaction time for

completion of CRN.

Self-seeding of the mixture by using CRN-a' powder particles in the batch mix to promote the

nucleation of a-sizlon was not effective. A greater effect on o’ formation tesuited from the
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Chapter 8 Concilusions and Suggestions for Further Work

addition of a-5i,N, particles to seed the samples, but only in uncompacted, loose powders. No
seeding effect was observed in compacted pellets. It is likely that optimising other factors such

as N, flowrate may produce a greater effect on o' formation than the use of the expensive a-

Si,N, seeding component.

The CRN reactions may proceed more effectively at temperatures >1450°C, however nitride
formation via CRN may be in competition with SiC formation at these temperatures,
especially if sources of carbon are present. Heat-treating the CRN powders at a potential
densification temperature of 1600°C showed that the @’ phase is stable at high temperatures,
as long as excessive SiC formation is prevented by temoving any opportunity for reaction with
carbon in the furnace atmosphere. It was also found that residual E’ and D’ secondary phases
were converted to a' at elevated temperatures via small-scale CRN reactions using SiC already
present within the sample as a reductant. This allows for some degree of purification of
partially o'-containing CRN powders during sintering, such as those produced from high-slag

compositions.

Pressureless siritering at 1800°C was not able to produce a highly densified material from this
CRN powder. Near-theoretical density could be obtained by hot-pressing the powders at
1700°C for 1 hour, except for the predominantly E'-phase material, which had 2 very coarse
grain structure and could not be highly densified. The purification effect of the E'—>a’ and

D'->a’ phase transformatons were limited to the pellet surfaces due to a lack of N, diffusion
through the pellet. Analysis of the microstructures of these pellets showed that some grain
growth did occur during hot-pressing, with a slight elongation and orientation of the o grains
produced. Highly anisotropic o' grains were formed on the transformed surfaces of the
pellets, especially on the E'-phase-rich pellet. The microstructures were not homogenous, and
generally had an uneven distribution of porosity, grain sizes, and impurity phases such as
FeSy'.

An evaluation of the fundamental mechanical properties of the bulk-materials formed from
the CRN powder revealed that the highest hardness of 14-14.8 GPa was achieved from the
highest «'-containing powdets. These values are typical of the hardness obtained from high
glass-containing Ca-o-sialons produced via the conventional reaction-sintering of pure
laboratory chemicals. The slight elongation of the a’ grains did not contribute to an increase in
fracture toughness, which was 4.1MPam” for the three compositions tested, comparable to

conventional Ca-a' materials.
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Chapier 8 Conclusions and Suggestions for Further Work

A relationship between material hardness (ie. o' content) and erosion resistance was found,
with the higher hardness materials displaying the best resistance to erosion. The largely
equiaxed morphology of the grains in these samples resulted in grain ejection being the
dominant material removal mechanism, though the presence of plate-like E’ and D’ phases
produced some transgranular fracture. The E'-phase is an extremely soft phase with poor
mechanical properties, and should be removed from the products of CRN in clay-K based
compositions. Comparison of these results to those obtained for pure, reaction-sintered Ca-a-
sialons showed that their wear performance was similar if not better than that of the pute o
materials, which are in turn better than commonly used ALO, or SiC wear linings. Slag-

derived a-sialons thus show good potential for use in weat-resistant applications.

CRN s clearly a viable alternative for the production of Ca-u-sialon materials, with good

engineering properties, from inexpensive mixtures of slag and clay.

8.2 Suggestions for Future Work

This is the first study of the CRN reaction process as applied to the slag+clay system for the
production of a-sialon, thus there are many areas that were unable to be covered in this

investigation and warrant further work. The most important of these ate outlined below:

¢ Optimisation of the CRN process to produce a single-phase &' product. The work in
this thesis identified several important vaniables that influence o' formation via CRN,
the most important being slag content, reaction temperature, reaction time, and N,
flowrate. It was seen that these factors are inter-related and composition-dependent;
eg. lowering the N, flowrate had a large improvement on the yield of o' in high-slag
compositions, but also increased the time at 1450°C required to complete the
reactions. The results of the work in this thesis have shown that optimisation of these
parametets may allow the production of highly &’-bearing powders from higher slag-
containing mixtures than investigated here, potentially even a mixture of just slag and
carbon alone, without clay. This should be investigated. In addition, carbon content is
an important patameter that was not stucied in this thesis, and an investigation into

the optimum carbon content is warranted.

For the purposes of the current study the products of CRN from several of the
compositions were considered to be aearly single-phase o, however, significant

amounts of minor phases AIN’, FeSi’, and TilN', and glass remained in the products.
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Optimisation of the CRN process should also setve to minimise the production of

these phases.

Alternative green-body forming mechanisms. The powder form of the CRN-o
powder is unique and may be amenable to unconventional green-body forming
processes such as gel-casting, slip-casting, or tape-casting. This may produce novel o'

components with unique geometries unable to be produced via reaction sintering.

Densification of the CRN-o powder. Pressuteless sintering of the as-fired CRN
powders was shown to be inadequate for achieving full density in these matedals, thus
hot-pressing was used to overcome this difficulty. This is an expensive technique with
many limitations on specimen geometry, hence a method to improve the densification
of the CRN-o' powder using pressureless methods should be investigated. One
method may be to add a sintering aid to the CRN powder that forms a liquid at the
densification temperature. Slag additions may be a potentially useful sintering aid. In
fact, it may be the case that a small amount of a secondary phase such as G’ (gehlenite)
or D' present in the powder after CRN will provide enhanced densification, in which
case the optimised CRN-a’ product may not, in fact, be a single-phase o' material, The
effect of any increase in the amount of glass or secondary products on mechanical

properties will also need to be examined.

A more detailed study of the reaction process may be useful in achieving greater
control over the CRN reactions. This may require the use of other analytical
techniques such as NMR to investigate the amotphous phase and the small quantities
of intermediate phases precipitated from it during CRN. The slag+clay system is very
complex with many impurity components, thus it may be useful to investigate a
simplified system of just the four main constituents CaQ, SiO,, MgO, and ALQO,. Such
an experiment was attempted during this investigation, however the crystalline nature
of the starting mixtuse behaved considerably differently to the amorphous, slag-based
mixture. Thus the creation of an artificial slag by melting and quenching mixtures of
the four components may be more approprate. This may enable an investigation into
the role of impurity elements such as Fe, Ti, Na, K etc. on the CRN reactions by the
controlled addition of impurity elements to the artificial slag. The impurity levels in the
slag may vary slightly from batch to batch, hence some understanding of the effects of
varying the quantities of these impurities would be useful.
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Scaling up the producton process to a commercial scale. For the large-scale
production of commercial quantties of CRN-a’' powdes, static batch processing in a
tube fumace is not necessarily the most efficient method of production. Scaling up of
the CRN process will require significant wotk to optimise the process patameters to
the different furnace geometry and sample size. This is particularly important in terms
of achieving good N, penetration throughout the bulk of the sample to zvoid
mhomogeneous CRN. Other issues that must be addressed include initial reactant
mixing and drying, post-firing catbon removal, and breaking up of the agglomerated o'

powder.

Understanding the E- and D-phases. Little is known about the pure E- and D-phases,
or the E'- and D'-phase solid-solutions formed in this system. If these phases remain
as major secondary phases in the CRN powders, it may be necessary to perform some
further investigaion into the structure and properties of these compounds.
Fabrication of pure E-phase via the hot pressing of laboratory reagents was attempted
as part of the current study, however this was initizlly unsuccessful and not pursued
further. The solid-soluton natute of the E'- and D'-phases produced here may not
provide a reliable product for analysis, however it may be worthwhile to at least

tdentify the crystal structure of D'-phase using TEM methods, for scientific interest.
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