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" SYNOPSIS

:. The interaction of aluminium with silica and silicates is
LY .
thermodynamically inevitable and leads to reaction effects in many
systems. The resultant reactions can.continue over a wide temperature

range including both liquid and solid state systems such as molten

'éluminium handling units and the heat treatment of aluminium

deoxidised steel.

The development of the reaction product layer under
controlled conditions has allowed the reaction rate constants for the
reaction between liquid aluminium and vitreous silica to be calculated
as a function of temperature. These determinations show that the
aluminium reduction of the silica is almost entirely controlled and
maintained by the transport of the metallic species through the porous

matrix of a solid oxide reaction product.

/At temperatures between 760°C and 860°C the reaction product
layer is porous as a result of volume changes of phases formed during
reaction and the reaction rate increases with temperature. At intexr-
mediate temperatures the reaction progfess is interrupted and the
reaction rate indeterminate probably ésla consequence of the formation
of a compact matrix resulting'froﬁ volume changes assbciated with poly-
morphic changes of the alumina formed. There is also some speculation
in relation to a spinel phase formed between silica &nd alumina in the

reaction front at intermediate temperatures.

At temperatures abqve 1110°C the rate of reaction becomes
a function of the sintering of the alumina in the product layer with
the formation of a fissured matrix and temperature, where the process
is additionally controlled by the composition of saturated liquidus of

the.hetallic system involved. ’

It is clear that the morphologies of the reaction product
layer dictate the variation in the rates of reaction observed over the

different temperature ranges.

It is proposed that alloying the liquid aluminium with
silicon up to an equivalent of 15 atomic percent does not affect the
proéress of the reaction at all. Equilibrium saturation of liquid
aluminium with iron or manganese effectively reduces the solubility of
silicon at specific temperatures thereby reducing rates of counter-

diffusing of silicon and aluminium and hence the rate of reaction.



Contents Page

CHAPTER 1

1. Introduction "l

CHAPTER 2

2. Literature survey ' 3
2.1. Introduction 3

2.2. Phase relationship in the systém involving the reaction

products 4

2.3. Transformations in alumina 10
2.3.1. Polymorphs of alumina 11
2.3.1.1. Nomenclature 11

2.3.1.2. Structures 11

2.3.2. Mechanisms | 12
2.3.3. Effect of impurities . 15

2.3.4. Alumina polymorphs involved in the reaction
between silica and aluminium 15

2.4, Mechanisms of the reaction between molten aluminium

and silica or silicates 16
2.5. Kinetic models 23
2.5.1. Diffusion models 24
2.5.1.1, Parabolic rate law 24
2.5.2. Chemically controlled reactions 25
2.5.3. Nuclei growth models 27
2.6. Activation energy 28
2.7. Pertinent phase equilibria in multicomponent systems »
involving aluminium 30
2.7.1. The aluminium-manganese binary system 31
2.7.2. The aluminium-iron binary system 31
2.7.3. The aluminium-manganese-silicon ternary systems 32
2.7.4. The aluminium-iron-silicon ternary systems 32

2.8. Implications for the present work 33



Contents Page

CHAPTER 3
3. Experimental methods ' 34
3.1. Preliminary work 34
3.1.1. The reactor 34
3.1.2. The gas purification system 35

3.1.3. The preparation of materials for the preliminary

studies 35
3.1.3.1. Aluminium 35+
3.1.3.2. Silica 36
3.1.3.3. The crucibles used 36

3.1.4. Procedure ' ' 36

3.2. Studies involving aluminium and aluminium alloys at
elevated temperatures 38
3.2.1. Preparation of metallic starting materials 38

3.2.1.1. Aluminium-manganese and aluminium-iron

alloys 38

3.2.1.2., Aluminium-silicon alloys 40

3.2.2. Modifications of the experimental apparatus 40

3.2.3. Experimental programme and procedure 41

3.2.3.1. Static experiments 41

3.2.3.2. Rotating experiments 41

3.2.3.3. Procedure 41

3.3. Chemical analysis 42
3.4. Specimen preparation for measurements and microstructural

analyses 42

3.4.1. Reaction measurements 43

3.5. X-ray diffraction studies 44

3.5.1. Aluminium 45

3.5.2. silicon : 45

3.5.3. Aluminium-silicon alloys 45

3.5.4. Aluminium-manganese and aluminium-iron alloys 45

3.5.5. Aluminas 46

3.5.6. X-ray techniques 47



Contents

3.6. Scanning-electron microscopy

CHAPTER 4

4, Experimental results
4.1. The kinetics of the reaction between vitreous silica
and liquid aluminium
4.1.1. Introduction
4.1.2. The liquid pure aluminium-silica reaction
system
4.1.3. The aluminium-silicon-silica reaction system
4.1.4. The aluminium-manganese-silica and aluminium--
| iron-silica reaction systems
4.1.5. Rotating experiments
4.2, X-ray diffraction analysis
‘4.2.1. Aluminium and silicon
4.2.2. Polymorphs of alumina
4.2.3. X-ray analysis of products of reaction between
liquid pure aluminium and aluminium alloys and
vitreous silica
4.2.3.1. Lower temperature reaction products
4.2.3.2. Higher temperature reaction products
4.2.3.3. Intermediate temperature reaction

products

4.3. Microstructural examination of the reaction
product layer ‘
4.3.1. The pure aluminium-silica reaction system
4.3.1.1. Lower temperature reaction |
4.3.1.1.1. Heat treatment reactions

4.3.1.2. Higher temperature reaction

Page

47

48

48
48

49
52

53
55

56
56
56

57
57
58

58

59
59
59
64
65



' 'CONTENTS

Page
v 4.3.1.3. Reaction at intermediate temperatures 71
4.3.2. The aluminjum alloys - silica reaction systems 72
4.3.2.1, The aluminium - silicon - silica
' reaction system ' Y
4.3.2.2. The aluminium - iron and the aluminium -
" manganese - silica reaction systems 73
CHAPTER 5
5.  Discussion A . o : 77
5.1 Kinetic studies of the‘liquid pure aluminium -
/ solid silica reaction system ‘ 77
' 5.1.1. Introduction ’ ‘ : 77
' 5.1.2. The rate of the reaction ‘ 79
5.1.3. The reaction mechanisms : 9
.5.1.3.1. The low temperature mechanism 91
5.1.3.2. The high temperature mechanism 95
‘5.1.3.3. Effects of silicon, iron and mang-
. anese .added to the aluminium on
the mechanism of reaction 97
' 5.1.3.4. The intermediate temperature
- : reaction : . 99
5.2 . 5 . R : A ‘
Practical implicaticns c ' 104
5.2.1. Aluminium processing ‘ 105

5.2.2. Silica fibre reinforced aluminium 105



Contents

CHAPTER 6

6. Conclusions and suggestions for further investigations

"REFERENCES

"TABLES
| CHAPTER
CHAPTER
CHAPTER

FIGURES
CHAPTER
CHAPTER
CHAPTER
CHAPTER

APPENDIXES

CHAPTER
CHAPTER
CHAPTER
CHAPTER

g W N

[, B S VS B )

Lo BLES I s B |

By P

- 67

|
O N
NN N N

Page

100

NN N N

64

13
66
71

10
14



CHAPTER 1

I. INTRODUCTION

Aluminium is used in the refining of liquid steel, basically,
because it is a strong deoxidizing agent. This function it performs
consistently and at low cost. There is considerable evidence that
aluminium in molten steels can cause reactions to take place between
pre-existing non-metallic inclusions and dissolved aluminium, provid-
ing that the formed new phase is more stable than the pre-existing
inclusions. Particular characteristics assumed by this phase such as
the change of density and mass per unity volume allow it to emerge
from the liquid bath, as a regsult of which the metal.becomes more

pure.

The present work was undertaken to determine the consistency
of the reaction between vitreous silica and liquid aluminium pure or
alloyed with different concentrations of either silicon, manganese or
iron and, in turn, to investigate this reaction in relation to the
real situation in which the silica rich complex Feo—2Fe0.Si02-SiO

2
system is attacked by aluminium.

Many experimental techniques have been developed to measure
continuously the thickening of a porous product layer developed under
controlled conditions, the measurements being interpreted using the
"shrinking core" model*. These results are then used in the predict-

ion of the rate of reaction, according to an experimental strategy*¥*.

* Levenspiel,0., Ref.cit. in the References List, n.72.

** Hills, A.W.D., Ref.cit. in the References List, n.86.



An investigation of the liquid aluminium-vitreous silica
reaction was considered appropriate as a continuation of a project
which investigated the mechanism 6f secondary reactions between pre-
existing silicate inclusions and deoxidizing aluminium***. This
provided an excellent starting point for this work. In addition,
since the microstructurél changes occurring during reaction between
silica and aluminium are very significant for the fabrication of fibre-
reinforced cbmposites, where effects such as diffusion-penetration and
sub-sequent selective coarsening often lead to degradation of the
produced material, several works related to this field also provided

fundamentals for the initial experimental programme.

The investigations were conducted using small laboratory ,
high temperature reactors. The behaviour of small laboratory reactors
is difficult to interpret in terms of reaction kinetics, since it is
determined not only by the reaction kinetics itself but also by the
characteristics of the reactor. Therefore, a study on isolated vitreous

silica rod immersed in liquid metal was envisaged for this work.

Any heterogeneous reaction will involve a number of
different steps, especially if one reactant and one product are solids.
The fluid reactants must be brought to the reaction region by transport
processes such as diffusion and convection and the fluid products
removed. The actual reaction in the reaction region will involve a
chemical reaction step and often some solid-state diffusion process as
well. Each of these steps will have an intrinsic rate and the rate at
which it would occur were the other steps so fast as to provide no limit
to the overall reaction rate. 1In fact, the overall reaction will occur at
the rate of the step or steps with the lowest intrinsic rate or ratesi

Although these conditions describe the possible limiting cases, many imp-

ortant reactions have been evaluated in this way.

There existed in the literature some arguments as to the
nature of the rate controlling steps for the reaction between liquid alum-
inium ana vitreous silica and this investigation was appropriate to provide
a test of the validity of the different mechanisms proposed by various

workers. -

***Jauby,P.E., Refs.cit. in References List nos.52 and 54.



2. LITERATURE SURVEY.

261 Introduction -~ the reaction between a liquid metal and a

compound may be represented by the general expression1:

zMt + Mexz&——a'MtZX& (6. ) + xMeMt 2416
Xy
vhere X is a non metal and Me and Mt are metals, Me having a lower

affinity for X than Mt.

The corresponding reaction between liquid aluminium and
silica iss
+ 3Si0 : 2 A )2 2.2,
481 (1) 312(5)_» (¢) 1,05 + 3(SI)A1 2.2
vhere (o) A1203 is any of the polymorphs of alumina, which may
occur as a result of the reaction and n signifies the variable

concentration of silicon dissolved in the aluminium as a reaction

product.

The above reaction between aluminium and silica may be

considered in terms of the step-reactions as f’ollow‘e,:z’3
3510, = 3(si)y;, + 30, 2.3,
“(s) (&)
and/or 3s:102(s) = 384 +302(g) 2.3,
481(1) +302(g) =2(¢) 1,0, 2.4,

Equation 2.,2. is the result of the summation of equations 2.,3%. and
2.4+ These main-step reactions represent a somevwhat simplified
picture of the overall process., It is likely that the reduction of
silica by aluminium may proceed by a series of intermediate steps.

These will be considered later.

The reactant silica involved in the reaction may be in the
uncombined or combined state, i.e. it could be amorphous silica or
even crystalline quartz, both largely compesed of free silica, or it

could be any material containing substantial quantities of combined

-3~



silica such as ceramics or non-metallie inclusions etc. Whilst the
reaction with both forms of silica is of interest, the present work
is primarily concerned with vitreous silica. Whenever opportunities
arise, however, the reaction with other types of silica will be

examined.

The reaction may be further complicated if the aluminium
contains other elements, e.g. silicon or transition metals such as
manganese or iron. The effect of some of these elements on the

reactions is also considered later.

The equilibrium of reaction 2.2. depends primarily upon the
relative affinities of liquid aluminium and silicon for oxygen.
Values of the free energy-change (AG°) for the main-step reactions

2.3. and 2.4. may be obtained from the data in the literature®

Equation

AG°800°C/kJ
2.3. + 1407
2.4. - 3092

Summation of these two values yields a free energy-change of -1685 kJ.
mol for the overall reaction 2.2. at a temperature of 800°C; this
value of AG° is large and negative and, therefore, one would expect
that reaction 2.2. would be thermodynamically favourable. It is
therefore expected that the extent of reaction between silica and
molten aluminium will be controlled by kinetic factors. For a given
surface area of silica, the depth of reaction is likely to depend upon
the temperature, the time of contact of the silica with the molten
aluminium and, as the reaction progresses, the liquid metal composition.
The crystalline nature of the alumina formed and the accumulation of
silicon in the molten aluminium are also likely to be important factors
influencing the extent of reaction. Before consideration is given to
the effect of these variables on the interaction mechanism between
aluminium and silica, certain physical and chemical aspects of the

structure of the reaction products will be examined.

2.2. Phase relationship in the system involving the reaction
products - silicon is formed, as a product of the reaction, as either
elemental silicon, according to equation 2.3'. or goes into solution

in the liquid aluminium according to equation 2.3.

-4-



Silicon forms a single eutectic with aluminium at ~11.3 mass
% Si at 577°C as shown in Fig. 2.1. There is limited solubility of
silicon in aluminium at the eutectic temperature, but on cooling to
room temperature the solubility of silicon decreases to virtually zero.
The maximum solubility of silicon in aluminium at the eutectic
temperature is 1l.59 mass %. On cooling below this temperature,
precipitation of pure silicon will occur within the grains of the
primsry aluminium rich phase. The covalent diamond-type structure of
the silicon lattice cahnot accept even small amounts of aluminium6, and

therefore, the solid silicon rich phase is essentially pure silicon.

The presence of a product layer of pure silicon on the
surface of a partially reacted silica particle might act as a barrier
to the penetration of aluminium from the melt and, hence, might

7 has investigated

prevent further reaction to form alumina. Devereux
the effect on the structure of reaction formed alumina-silicon cermets
of silicon dissolution into aluminium-silicon melts. He expected that
unless Ostwald ripening was occurring, the silicon produced by the
reaction would not dissolve in the silicon saturated melt and, thus,
would prevent the penetration of aluminium into the product layer.
However, aluminium was detected in the product structure, suggesting
that dissolution of silicon did occur. Although the author admitted
that possibly saturation in the melt had not been complete, this would

appear to be reasonable from his results.

Cisse et al.8 carrying out work on the simultaneous refine-
ment of primary and eutectic silicon in hypereutectic aluminium-
silicon alloys, confirmed an earlier observation9 that direct additions
of finely dispersed alumina aided the nucleation of the silicon phase,

but not the aluminium rich phase.

As mentioned previously, the overall reaction between molten
aluminium and silica may proceed via a series of intermediate reactionse.
The contribution of these intermediate reactions to the overall
mechanism will be considered in more detail later. It is possible,
however, that some of these reactions may give rise to elemental silicon

precipitation and this aspect will be examined briefly here.

Gershinsky et al.lo has investigated the stoichiometry of the

5=



reactions taking place between thin films of aluminium and silica.
Their results indicated that below the melting point of aluminium,
in addition to the mein reaction expressed by equation 2.2.,

intermediate reactions such as

4A1 + 8102 = 2A120 + Si 2456

2A1 + 8102 = 2A10 + Si 2.6,

might be involved.

Thin film studies of the reduction of silica by aluminium at
temperatures varying from 700 to 85000 and under high vacuum were
carried out by Prabriputaloong et a1.4. The only non-gaseous reaction
product was silicon, observed only when the reaction was conducted at
a pressure low enough to inhibit the oxidation of silicon, ﬁresumably
into silicon monoxide. During the reaction alumina was also produced.
Extrapolating from results obtained at higher temperatures by Brever
and Searcyll; the authors roughly estimated the equilibrium vapour
pressure of alumina at 800°C. The resultant value was found to be
~1.3%x10" N2, A column of molten aluminium SA high is heavy
enough to exert a pressure of this magnitude. The interfacial reaction,
therefore, cannot directlynproduce Alzo in the gas phase, since none
of the films used were <5A thick. However, since aluminium can
dissolve some oxygenlz, the reaction can proceed as follows: the
silica at the interface is decomposed into its elements, which dissolve
in the aluminium; +the oxygen-gas then diffuses to the surface and it
is released as A120. This is likely to be a reliable explanation for

the occurrence of reaction 2.5.

VWhen enough residual oxygen-gas is present, the silicon
concentration at the surface can be substantially zero, since the
silicon is oxidized as soon as it reaches the surface. Thus, accord-
ing to Prabriputaloong et aiﬁ, the silicon concentration at the
surface will be independent of the film thickness and it will diffuse
to the surface, being the rate of diffusion film thickness - independ-
ent, since it will be determined by the rate of the aluminjum-silica
reaction. Supporting evidence for this theory was the fact that for
very thin films, when free silicon first appeared, aluminium seemed to

be present only to a very limited extent, whereas for thicker filus,

e



aluminium appeared to be abundant when silicon was first detected.

This has been presented as consistent for the theory, since for the
thin film a greater proportion of aluminium was supposed to be used up
in the formation of A120 than for the thick film, The reverse is valid
as far as silicon is concerned for the formation of silicon monoxide

from residual oxygen gase.

Alumina and silicon have been observed to react according to
13,

reaction

A1203 + 281 — Al20 + 28i0 2eTe

According to some investigators, l4fl6 this reaction is most unlikely

to occur, because of the doubtful stability of solid silicon monoxide
at high temperatures. Schafer and Speidel14 reported that amorphous

silicon monoxide is unstable at temperatures within the range of 1000
to 1150°C. Brewer et al.’”
so0lid silicon monoxide using high temperature X-ray diffraction analysis

found no evidence for the fbrmatiOn of

of mixtures of silicon and silica below 900°C., Their results indicated
that solid silicon monoxide is thermodynamically unstable and decomposes
into its components below 900°C.

Silicon and silica mixtures were examined by differential
thermal analysis (det.a.) up to the melting point of silicon by Brewer

16 and again, no evidence was found for the formation of

and Greene
stable solid silicon monoxide. They postulated that partial reduction
of silica to SiOz_x may sometimes occur, which would give rise to a

15, It has also been pointed out that silicon

higher melting point
monoxide prepared in a metastable amorphous or poorly crystallised form
by condensation of silicon monoxide gas upon a cold surface, begins to

decompose into silicon and silica within the temperature range of 400 to

7000 17.

Contradictory evidence has been presented by Kochnev and Geldls,
who claimed to have prepared amorphous silicon monoxide by heating an
intimate mixture of silica and silicon to 1250 to 1350°C.

The silicon-oxygen phase diagram has not been fully determined,

but there appears to be grounds for assuming that a region of stability

for the silicon monoxide exists above 900°C 19. The oxidation of

silicon in the temperature range 950 to 135000 results in the formation
-



of a surface layer of amorphous oxidation product. In the initial
stages of growth of the oxide, i.e. vhen the partial pressure of the
oxygen in the gas phase and, therafore, at the silicon-oxygen interface,
corresponds to the conditions favourable for the existence of the
higher oxide, a crystalline silica phase may be formed. After
formation of a continuous layer of oxide on the silicon surface, the
supply of oxygen to the silicon-oxide interface is determined by oxygen
diffusion through the surface layer. The oxygen concentration at the
silicon-oxide interface gives rise to condition favourable for the
formation of silicon monoxide. These deductions first presented by
Sosman19 have comprehensively been supported by the work of Smirnova

et a1.20. By using an electron-diffraction analysis at two different
temperature ranges, i.e. 700 to 1000°C and 900 to 1250°C, the authors
have investigated the thermal oxidation characteristics of silicon and
found that silicon monoxide can be formed at the silicon-silica ‘
interface. Oxidation below 900°C takes place by the reaction

Si + 0, — 8102 268

2
resulting in the formation of polycrystalline silica. Amorphous silica
was formed in the temperature range of 950 to 125000, because the
reaction proceeds via the formation of silicon monoxide. At temperature
~1000°C silicon reacts with silica according to the equation

+ 8i & 28i0 2.9.

S:'LO2

According to the authorslg’zo, it is unlikely that the properties of

the silicon-silica interface are governed by the presence of a tran-
sitional microlayer consisting of an amoxphous mixture of silicon and
silica formed by decomposition of silicon monoxide.

The sessile drop technique has been used by Marumo and Pask21
to study the reactions and wetting behaviour in the aluminium-fused
silica system. They noted that when the aluminium drop was not
initially saturated with silicon, the following reaction occurred at

the aluminium-silica interface:
. X .\
A1+ 3102—>(1—X)A10 + 2u203 + (Sl)Al 2.10,

—8-



The reduced silicon was free to go into solution in the molten
aluminium. VWhen the aluminium-drop was saturated with silicon, the
redox reaction resulted in silicon being precipitated at the aluminium-

silica interface:
Al 4+ S1i0 — Al0 + Si 2011,

It is signficant that there have been very few studies of the
sub~oxides of aluminium or silicon in the presence of each other,
Although aluminium monoxide is thermodynamically unstable as a single
phase, it is possible that it is stabilized by forming a solid sélution
with silicon monoxide, since its free energy would be reduced by the
formation of such a solution®l. Taking this into consideration, Marumo
and Pask have postulated the stable existence of both sub-oxides in a

spinel structure with alumina.

Some attempts have been made to study the sub-oxides of
aluminium. At temperatures above the range 900 to 1000°C and at low
pressures, there exists on an aluminium-surface an oxygen deficient
layer of unknown thickness, which contains aluminium-monoxide in a
spinel-type structur922. On éooling in vacuum, this structure persists.
On exposure to oxygen or moisture, however, the cation distribution
3+

remains the same, but the valency of A12+ increases to Al” resulting

in a gamma (Y) - alumina (spinel-type structure).

By heating aluminium-aluming mixtures in an inert atmosphere
of argon (or helium), Yanagida et a1.234showed that for samples
containing at least up to 50 mass %, the molten metal remained mixed
with the oxide powder until the temperature came very close to the
melting point of the oxide. The authors concluded that crystalline
aluminium sub-oxides type aluminium monoxide had not formed under these

conditions,

It has been postulated, however, that A120 sub-oxide may be

formed according to the equation24

4A1(l) + AlZOB(S) = 3A120(g) 'v 2612,

5

A mass spectrographic analysis by Porter et al.2 of the vapour in

-0-



thermodynamic equilibrium with aluminium-alumina mixtures showed that
the predominant species in the vapour were aluminium and A120.
Thermodynamic properties presented by the authors for this aluminium
sub-oxide were in good agreement with those obtained by Brewer gnd
Searcy'™, i.e. that A1,0 is involved when alumina is heated with
aluminium or another reducing metal. The work carried out by Champion
et a1.24 on the wetting and spreading of a molten drop of aluminium on
aluminium oxide, over the temperature range 800 to 150000, has shown
that the rate at which reaction 2,12, proceeds would be governed by the .
rate at which A120 is removed from the aluminium-alumina interface. The
formgtion of A120 by reaction 2.12. is, therefore, only favourable at
the periphery of the drop and results in the formation of a reaction
ring. A number of important phenomena associated with the reaction

24 as follows:

have been summarised by the authors
(a) the probable low solubility of A1,0 in the molten

aluminium:

(b) the pressure on the aluminium-alumina interface due to
the weight of aluminium, This pressure is likely to
exceed the vapour pressure of A120 except near the
periphery. The vapour pressure of A120 over a liquid
aluminium and solid alumina mixture at 1350°C has been
given as 30.1 x 10™° Num™ at a depth of approximately

1 mm below the molten aluminium surfacejl; V

(¢) an observed decrease in the volume of the drop due to
the evaporation of both A120 and aluminium.
It is significant to note that the relationships presented so far have
been studied under diverse experimental conditions, but no attempt at a
comparative thermodynamic study has been made,

2¢3e Transformations in alumina - as mentioned before, it is
possible that the structure of the alumina produced by reaction 2.2.
is both time and temperature dependent. An examination of the
polymorphism of the thermal transformations exhibited by alumina is,
therefore, an essential requirement of this literature survey.

=10~



2e30le Polymorphs of alumina

2e3elele Nomenclature -~ a number of metastable aluminium

oxides, known as transition aluminas, are known to occur as a result
of the dehydration of the several different forms of aluminium
hydroxide. These transition aluminas may form as intermediate steps
in the oxidation of aluminium to stable corundum,

The sequence of formation of these transition aluminas,based
on x-ray and electron diffraction analysis, has been evaluated by

26-29, s pointed out by Bye and GauvinBo,

mmerous investigators
the transition aluminas, however, usually exhibit poor crystallinity,
yielding x-ray diffraction patterns with much line broadening and often
leading to difficulties in cofrrelation, Under certain conditionms,
duplex structures may also form31. This has led to inconsistencies in
the nomenclature adopted for the identification of the various poly-
morphs. The mefixes adopted for the polymorphs of alumina in the work
presented here, will follow the British system of classification26’27.
These are: a (corundum),y 90490, k+f and X+Y. The American system
involves the allocation of prefixes in a somewhat different manner28’29.
A correlation can be found in discussions given by Rooksby26 and
Newsome et a1.28. Whenever works with different terms appear, the
equivalences listed in Table 2.128 will be used, in order to translate
to the British nomenclature adopted in this work.

' 2¢3ele2. Structures - Lippens32 has classified the poly-
morphic oxides of aluminium into two categories: 'low temperature!
forms - not exceeding 600°C: X+Yy ¥, 6 3 and *high temperature' forms -

virtually anhydrous: 6+60, 0, «+0 and a.

O0f all forms listed in Table 2.1, only alpha-alumina has an
established crystal structure based on a hexagonal close-packing of
oxygen atoms with aluminium ioms in 2/3 of the octahedral sites-o.
Gamma-alumina is a cubic, spinel-type of oxide., In actual fact it is
considered as a defective spinel i.e. with not enough cations to fill
all available sites in the structure26. X-ray evidence led Saalfeld34
to conclude that y-alumina had a tetragonally deformed spinel lattice
witha = 7,96, ¢ = 7.81&. However, many extra lines in the x-ray

powder pattern, could not be interpreted in this way. A satisfactory
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indexing of the x~ray powder pattern of Y-alumina, based on the
assumption of a supercell of spinel consisting of three spinel blocks,

1.35. These authors also suggested

has been achieved by Lippens et a
that the monoclinic lattice of theta-alumina has a deformed spinel
oxygen-lattice with aluminium atoms divided between the available
octahedral and tetrahedral sites with preference for the latter.

Thus, according to Lippens et ale., f-alumina might be regarded as an
intermediate between the spinel lattice with predominantly octahedral
positions and the hexagonal oxygen-—asrrangement of alpha-alumina, ie.e.
with aluminium ions in octahedral positionse. Of all the available
octahedral interstices in a=alumina, 2/3 are occupied by aluminium ions

and 1/3 are vacant.

2¢3¢2¢ Mechanisms -~ it has been postulated that the crystal structure
33,36,37

exerts considerable influence on the transformation of aluminas.

A basic principle involved in the formation of the transition

5T in 1952, The z-ray powder

aluminas was first pointed out by Ervin
diffraction patterns of these aluminas have in common one strong line
at 1.39;&, which corresponds to the axygen ion radius and is indexed as
the {440} line for the spinel unit cell. Planes giving rise to this
reflection have the unique property of passing through the centres of
all the anions and the possible cation positions for anions in cubic
close packing. By deduction, therefore, all of these structures have
oxygen ions in nearly cubic close packing and aluminium ions in the
interstices. The {400} line of the spinel pattern at about 1.99 A
comes from planés through all the anion positions and the octahedral
cation positions. Its intensity is affected only by the relative
distribution of cations between these two types of positions. On this
basis, the varying degree of aluminium ion order within an unchanging
oxygen ion network is responsible for the multiplicity of transition
aluminas, '

In the transformation gamma — theta-alumina Ervin's principle
operates in terms of the continuity of the cubic close-packed oxygen
systeme. This is a simple transformation without chemical change and is
readily interpreted in terms of a reorganisation of* the aluminium-
cations. The final stage of the transformation to a~-alumina involves
changing from cubic to hexagonal packing. ILittle or no orientation
relationship exists between the §=-alumina and the a-alumina, and the
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transformation is probably one which proceeds by formation and growth
of randomly, or nearly, orientated nuclei.38

39, most polymorphs are considered to be

According to Christian
heterogeneously mucleated and the gemeral characteristics of these

reactions may be summarised as follows:
A. They are time and temperature~dependent,

B. They are thermodynamically irreversible: if phase ¢$
is converted into a new structure ¢2, the crystals of
phase ¢1 formed on reversion of phase ¢2 will be
crystallographically unrelated to those that were
initially present.

C. DNucleation can be assisted by mechanical energy, but

to a lesser degree than for diffusionless transformation.

D, The component of the reaction products may or may not be
related in any way to the original phase,

Some works on heterogeneous nucleation mechanisms for alumina

transformations have been reported by several investigators.

In the transformation of Y-alumina to a -alumina at 110000,

40 that particles of y=-alumina feed corundum wafers,

3

it has been shown
indicating a long range transfer of material. Brindley 8 has pointed out
that the final stages of the transformation of metastasble alumina into
a-alumina, probably, involves the formation and growth of randomly
orientated miclei. Also Stirland et al.*, looking at the finsl trans—
formation of metastable aluminas to a-alumina, from a morphology stand-
point, has suggested that material transport might possibly be by
sintering and atomic re-arrangement. Iler42 proposed the formation of
an amorphous transitory phase, when f-alumina transformed to a ~alumina.
The diminishing f-crystals were connected to the growing a=crystals by
the transitory phase through which both aluminium and oxide-ions

diffused during the transformation.

The phase transformation of §~alumina to the stable a-phase
occurs by a mucleation and growth process, although little is knmowm
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about the initial micleation step. According to Badkar and Bailey .,
electron diffraction patterns of very small a-nuclei, in the size

range of the polyerystalline 0 -matrix, will not be strong enough to be
recognized in the background of spotty diffraction rings obtained from
the adjacent polycrystalline area. Thus, a newly formed a-grain will
not be detectable until it grows to a sufficiently large size to give a
distinct diffraction pattern. The authors suggested that nmucleation of
the a —phase can occur in the # ~matrix on a scale that is coarse compared
to the fine 0 —crystallite grain size. They estimated that, on average,

one a-grain forms per :LO5 @ -grains,

During the growth of the new a=-alumina, a considerable
redistribution of the fine porosity existing within the transition
alumina matrix occui's. This porosity takes the form of large elongated
interconnected pores trapped within the nucleating a—grains. These
pores grow rapidly gg a size approximately one hundred times that of the

metastable §-grains” .

In the transformation of kappa + theta to alpha-alumina, the
pore structure becomes progressively coarser with increasing temperatures
above 125000. Sometimes this leads to secondary crystallization which
produces an outgrowth of platelets, many of which display hexagonal
facets43. This is particularly typical of transformation at higher
temperatures and in the presence of a trace of a mineraliser such as
fluoride., The mechanism of pore development has not been established
43 suggested that it may well take
place by surface diffusion with regression of thinner pore walls and
further growth of their thicker neighbours.

with certainty, but Scott and Horseman

d31 that during growth of a-grains

It has also been observe
considerable redistribution of the fine intercomnected porosity within
the @-matrix occurs. This matrix took the form of large, elongated
and interconnected pores, which were left within the growing a-grains.

It has also been poiﬁted out by the authors that the a/@ interface
migrates in the form of finger-like branches. The size of the fingers

is relatively large (~500 to 100 A wide) compared to the crystallite
size of the @-matrix (250 to 350108 diameter)., These observations suggest
that the fine pores of the @ -matrix pin the a-phase interface and for

growth of theba-phase to occur these pores must be removed.
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2e3e3e Effect of impurities - so far it has been shown that the

transformation of the transition aluminas to the stable a-phase
aprarently involves only a restructuring of the alumina lattice. It
has been shown, however, that under certain circumstances, there may be
retardation for the formation of the stable phase31’32’44’45; Sim.pkin45
has studied the effect of iron and chromium ions on the thermal trans-
formations and electro-kinetic properties of aluminium oxides. He
suggested that the observed reduction in the rate of formation of
a=-alumina in the presence of Cr6+ may be due to the retarding effect of
this ion on the synchro-shear process arising from its resistance to
change from the previously favoured tetrahedral coordination.

Gauvin44 also suggested that V4+ in the @~lattice could
possibly inhibit synchro-shear and, hence, retard the conversion of
cubic~type close~packing of the oxide ions to hexagonal close-packing.
In the case of k+@=-alumina transformation to a=alumina, the hexagonal
close~packing of the oxide ions has already been attained. In this case,
the observed retardation effect of the dissolved V4+ ~ ions could be in
inhibiting the Al3+ - ions from attaining the octahedral position

required for corundum.

2¢3e4e  Alumina polymorphs involved in the reaction between silica and

aluminium - several polymorphs of alumina have been identified
in studies on this interacting system. These aluminas will be briefly
introduced in the following lines, though their effect on the mechanism
of reaction considered will be examined later.

X-ray diffraction analysis carried out by Stanlage and Gani46
have identified three distinct forms of aluminium oxide, namely gamma
and theta and traces of alpha-alumina. The main forms v and @ were
assumed as being formed independently in different stages of reaction,
though in both cases, some conversion to a~alumina could be observed.
The same polymorphs have been detected by other investigators:

47, vho investigated the reaction between

Prabriputaloong and Piggott
aluminium and vitreous silica at temperatures below the melting point of
aluminium, found the product layer formed to be consisted of silicon and

predominantly of @=alumina with traces of a~alumina.

Electron diffraction and microprobe analysis carried out by Chou

and Eldridge48 revealed what was thoughtto be delta-alumina as a reaction
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product, when aluminium-silica-silicon mixtures were annealed for long

periods of time at 500°C.

Differential-Thermal-Analysis (d.t.a.) was carried out at

49

temperatures ranging from 630° to 770°C by Galante et al.??, in order
to study the reaction of aluminium and aluminium-silicon alloys with
vitreous silicates. X-ray diffraction analysis of the dete.a.-residues
showed that silicon, aluminium and a-alumina were the essential products

of the reaction.

In tests carried out for long periods of time ranging from hours
to days at temperatures varying from 850° to 1000°C, Devereux7
detected a=alumina as the sole oxide phase of the reaction between

molten aluminium and vitreous silica.

Drops of molten aluminium at temperatures varying from 660 to
1200°¢C were placed by Marumo and Pask21 on vitreous silica. The
resulting reaction product was constituted of different layers composed
of @ and a-alumina precipitates as the polymorphs present among other

reaction products.

Thermal degradation of silica fibre reinforced aluminium at
temperatures in the range 500 to 600°C have been studied by Squires and
Raysonso. X=-ray analysis of reaction products in this work has shown
that @ —alumina was the predominant polymorph and that its formation
controls the degradation itself.

4,61,62 p

Many of the authors referred to so far and others
presented different polymorphs of alumina as resulting products of
reaction between silica and aluminium. There are contradictory opinions
about predomimant polymorphic phase during reaction and at temperatures.
There is as well no common opinion about the mechanism of alumina
transformation during reaction, presumably important for the under-

standing of the nature of products involved.

2ebe Mechanisms of the reaction between molten aluminium and silica
or gilicates -~ Pidkering5l has shown that the addition of

aluminium to rimming and balanced steel ingots in order to control the
extent of carbon monoxide evolution has a drastic effect on the type of
non-metallic inclusions present in the solid ingot. The inclusions

present in the liquid iron during the rimming period were identified as
-16-



typical iron, manganese-silicates, some of which became entrapped in

the solidified rim of the ingot. Depending on the amount of aluminium
added, galaxite (Mno.A1203), hercynite (Feo.A1203) or alumina particles
could be precipitated. The author showed that any excess aluminium had
the effect of reducing the less stable oxide phases in the siliceous
inclusions already present in the melt and that this continued until the
inclusion became entrapped in the solidifying metal. According to
Pickering, the spinel phases were first produced by the reaction of
aluminium with the less stable iron and manganese oxides. By increasing
the availability of the aluminium in the original matrix, further
reaction may proceed with full conversion of the inclusion to a purely

alumin ous form.

o2 have

shown that the addition of strong deoxidants could cause reactions to

In later work on refining liquid iron, Waudby et al.

occur between the primary forms of inclusions and the deoxidant additions.
The interaction between aluminium and siliicate inclusions formed in

rimming steels has been observed by Waudby54. In analysing the mechanism

of this reaction, the author confirmed the results obtained by Pickeringsl,
in that aluminjum first replaced the small amount of iron in the

silicate inclusions. The reaction was very rapid and resulted in the
formation of a rim of alumina around the inclusion. In some casts,
however, the quantity of reacting aluminium appeared to be greater than
that solely from the replacement of the small amount of iron initially
present in the silicate. In this case, further replacement by aluminium

had probably taken place inside the rim, i.e.
molten silicate —» s501id alumina

This would have been associated with a decrease in the w lume of the
inclusion as a result of the closer-atomic packing in the crystalline
alumina compared with that in the liquid silicate. This interpretation
of the reaction has been schematically presented as follows:

3+ 2=

2A1 + 30 A1203

si*t 4+ 202 sio

Fe+Al sol.in lige.iron 5

Melt

|
|
|
|
|
; Reaction rim

I
|
!
|
|
|
1

Lige silicate

In regions rich in-aluminium, it has also been observed that
further reaction with the silicate can take place during subsequent
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heat treatment of the solid steel, resulting in considerable changes

in the inclusion. It was found that the majority of the deoxidation
products after solidification consisted of rims or envelopes of alumina
with or without central cores of silica and containing large amounts of
entrapped metal. By heat treating at 1200°C, the authors observed that
the reaction between aluminium and silica recommenced, although at a
very much slower rate. Hence, it has been postulated that the replace-
ment of silicon by aluminium to form alumina occurs by a diffusion-
controlled mechanisgh as diagrammatically shown below:

sitt [ si* 4+ 202 S0

I
l | 2
o+ st s+ mt |
I lana® 4+ 30 a1p0
|- | 273
Waudby54 proposed that, in simple ionic terms, silicon ions

diffused through the alumina rim to the surrounding iron-matrix and

were replaced by aluminium ions. This was possible, since A13+ and
LA+
Si

Consequently, the central silica core gradually became smaller with

ions are much smaller than the 02- ions in the alumina latticee.

thickening of the surrounding alumina layer. At the same time, more and
more metal was deposited between the alumina and the silica as a result
of the replacement of iron by aluminium.

Stephenson, Gladman and Pic‘l«:e:c‘:mg53 have studied the effect of
manganese and aluminium in molten steel on the erosion of an alumino-
203. The contribution of the
aluminium to the erosion process was to react with the silica in the

silicate brick, containing 42% Al

manner as described earlier by equation 2,2, However, according to the
authors, if sufficient reaction with aluminium takes place, and in
conditions where the aluminium-silica reaction predominates, an alumina-
rich layer would be expected to be formed on the surface of the brick,
perhaps acting as a barrier to further attack.

55 4id show that aluminium dissolved in liquid

Snow and Shea
iron will react with siliceous refractory in a similar manner according

to the reaction 2.2.

All commercial alumina-silica refractories containing up to

99% alumina, when exposed to molten aluminium by Brondyke56 suffered
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penetration by the interaction between aluminium and silica® This
author has found no definite relationship between penetration and the
silicon content of the refractory, but did find a relationship between
the silicon released by the penetration reaction and the silica content
of the refractory* Penetration was associated with wetting of the
refractory and, then, with chemical reaction itself, the rate of
reaction being governed by the rate of diffusion of aluminium through
the aluminium oxide to the unreacted silica. Brondyke*s interpretation

of the kinetics of the reaction has been rejected by some investigators.

Standage and Gani‘L6 studied the effect of up to 2*5 massgf
additions of bismuth and antimony to the melt on the reaction produced
by Immersing fused silica rods in molten aluminium in the temperature
range 600° to 800°C. They assumed the reaction to be divided into three
distinct steps: an induction period with no measurable penetration
followed by the production of 7 -alumina and then 0-alumina respectively.
In the presence of liquid aluminium or dilute liquid aluminium alloys
containing both bismuth and antimony, appreciable time was found to elapse
before commencement of the reduction of the silica. It was shown that
small alloying additions, particularly of bismuth, considerably changed

the incubation period - and the activation energy for the reduction process.

There is good correlation between the incubation periods
50
estimated by Squires and Rayson from graphical data for experiments
with pure aluminium and aluminium - 0.38 mass $ Bi alloys obtained by

46
Standage and Gani . This is compared in Figure 2.2.

7
Devereux observed that the products of the reaction between

aluminium and silica initially take the form of spherical surface segments
of an isotropic material. According to the author, these points were too
few in number to form a continuous layer and could be considered as defects
in an otherwise protective surface layer This would be consistent if
transport of aluminium through the formed cermet to the receding silica/
cermet interface were the slow step and if the aluminium could only pass
from the liquid bulk metal to the cermet structure only at a small number
of points on the cermet surface. Growth of alumina could then take place
from these points in a preferential direction normal to the silica/cermet
interface. Under certain conditions, an isotropic reaction product was
found covering the entire surface. In this case, the small number of entry

points for aluminium on the cermet surface was no longer dominant and the
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existence of a rapid growth direction for alumina ceased to be
significant. So that, Devereux suggested that the reaction mechanism
became chemically controlled. This author also observed that reactions
with high silicon alloys were characteristically slow, while those with
pure aluminium were relatively fast. It has thus been suggested that a
different step in the reaction mechanism was controlling in each case.

This statement, however, was unsupported by further evidence.

In the reaction between liquid aluminium and solid silica, it
has been pointed out21, that since the aluminium becomes enriched in
silicon during reaction, the change of surface tension in the system
liquid-gas and its viscosity should be taken into account.

At 800°C the surface tension of aluminium is 860.10_3N.m_1
and at 900°C this decreases to 850.10%yN.m~* ¢ Extrapolating to 1450°C,
this value decreases further to 810.10_3N.m_1 and might then be
comparable with the surface tension of silicon, which at its melting
point, 1450°C, is equal to 730.10 AN .uT'The component which has a
lower surface tension will be present to a higher concentration in the
surface compared to the bulk ideal mixture in a binary alloy
Marumo and Pask21 deduced that the dissolution of silicon lowers the
surface tension of the liquid aluminium. However, as the viscosity
for pure aluminium is 1 MN.s.m_.2 and that for aluminium - 28.0 mass f Si
alloy is 0.8 MN.s.m 2 at 800°C,”~° consequently, the viscosity of
aluminium itself and its change with silicon solution is so small that
its effect on wetting could be considered to be negligible. Thus, it
has been postulated that any decrease of contact angle should be
considered to be mainly due to the contribution of the free energy

of the reaction ( - HKl(1 subsequently also to the decrease in

the surface tension of the liquid metal.

Fused silica has a surface tension in the solid-gas system
-1

_3 —3 4 14
in the range of 260 x 10 to 350 x 10 * N.m , which is somewhat

smaller than the values for metals and, therefore, it would be
expected, if there were no reaction, the contact angle should be
obtuse. Marumo and Pask observed, however, that the contact angle
decreased and so, it was reasonable to assume that the free energy of

the reaction contributed to the reduction of the surface tension in the
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solid-liquid system. The difference in wetting behaviour at two
different temperatures, as indicated in Fig, 2,3*, was attributed by
the authors +to the faster rate of reaction at the higher temperature

and also to the nature of the reaction taking place.

Despite the experimental evidence, there has been as yet
no agreement as to the mechanism of the reaction between molten
aluminium and solid silica, nor has a generalized correlation for the
reaction rate been suggested. Many workers appear to assume that the
complexity of the system makes the formulation of such a correlation
impossible.

[TE

As previously mentioned, Brondyke9 has suggested that the
rate of reaction between molten aluminium and silica refractories could
well be controlled by the diffusion of the liquid metal through the
resultant alumina to the reactant silica, A similar standpoint has
been assumed by other workerssz. These authors, however, did not
determine the rate of reaction, they did not study in detail the
structure of the reaction products and nor was the effect on the

reaction of composition changes in the aluminium considered,

Marumo and Pask have used a sessile drop technique to study
the reaction between molten aluminium and fused silica at temperatures
in the range 800°C to 1000°C and at a pressure of 4.0 x 10~“N.m~".
They concluded that the wetting of fused silica by the liquid metal was
dependent upon the formation of a reaction zone, which consisted of
three distinct product layers. It was postulated that the reaction
proceeded by ionic interdiffusion of Si2+, A14-and Al3+ at the reaction
temperatures. The layer adjacent to the metal drop was found to be
primarily aluminium monoxide stabilised by a solid solution with
silicon monoxide. A spinel constituted of aluminium monoxide and
alumina stabilised with silicon monoxide was found adjacent to the
fused silica. On cooling, these dissociated into aluminium, silicon

and 0 —alumina and/or a —alumina.
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According to Marumo and Pask, if A1°T, A1° and Si° were
actually the species existing at the experimental temperatures, it
would be necessary for the redox reaction to occur at the SiO2
interface in order to form a replacing A1203 — matrix through which
41° and 5i° interdiffuse. There would not, then, have been any logical
explanation for the existence of the three distinct reaction layers
with the concentration profiles indicated in Pig. 2.4. Any possible
reaction mechanism based on penetration of molten aluminium into the

reaction zone, thus, has to be discarded,

At the rece-ding SiO2 interface the oxidation-reduction

reaction was suggested to be:

510, + 2410 — ALO; + SiO 2413,
redo OXio
in which sitt . si®t amda . m® U0 omt .

resulted in the formation of the layer adjacent to the Si02. The
reaction was, thus, controlled by mass-transport of A12+ and Si2+ in
the product layer. This interdiffusion controls the growth of the layer
adjacent to the silica interface, which becomes apprecisgble at 900°C

and increases with temperature.

The kinetics of the degradation process, in which silica

rods were attached by molten aluminium has also been studied by some

other workers4’46’48’50’61’62.

The linear rate of thickening of the alumina layer,

46 62

has been confirmed by Prabriputaloong and Piggott

and by Squires and Raysonso. It would appear, according to these

previously observed

authors, that formation of theta-alumina controls the rate of degradation,
If the reaction rate had been controlled by mass-transport of aluminium
and/or silicon through the alumina layer, it is unlikely that the

linear rate of reaction would have been observed, since the concentration
gradients would decrease as the reaction layer thickness increased.

The main steps of this reaction have been outlined by

50 as follows. At the alumina-silica interface,

Squires and Rayson
surplus aluminium, in solution in the alumina, reacts with silica
forming more alumina, but of lower aluminium content, and silicon. The
silicon produced must dissolve in the product layer and diffuses

outwards, before eventually precipitating in the bulk liquid aluminium -
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possibly, after transferring from solid solution in alumina to solid
solution in metallic aluminium. The authors suggest that any of the
following processes may be k“tically the slowest step and, hence,

would control the overall rate of reaction:

i. solution of aluminium in alumina, exceeding

stoichio-metric requirements;
ii. Al(in Al120%") + S8i02 _» more Al120* + Si;
iji. Si(in Al1”0”) —» Si(in Al - solid solution with AlgO*);
iv. Si(in Al-solid solution) —P» precipitated Si;

v, once a layer of silicon has completely encased the
alumina, aluminium must diffuse through the silicon

in order to maintain the reaction.

The existence of an induction period and the linear advance
46
of the reaction front with time led Squires and Rayson and others to
the overall conclusion that some form of interface control must be

involved in the process of reduction of silica by aluminium,

2.5 U Kinetic models - the reaction between liquid aluminium and
solid silica (and/or silicates), as previously mentioned, is a

heterogeneous reaction, which is complicated by the foimation of a

solid phase firmly bound to the solid reactant and which has a decisive

effect on the course of the reaction.

In order to accomplish a better understanding of the reaction
kinetics, the basic principles governing the rate of each of the
plausible mechanisms will be considered. The reaction kinetics
predicted by these models will later be compared with the actual

experimental results obtained in this work.

It has been shown earlier, in the introduction of this
literature review, that the extent of the reaction between molten
aluminium and silica is controlled by kinetic factors. In other words,
when the pressure, temperature or composition is changed, a new
equilibrium condition is established. The attainment of this new

equilibrium condition depends on the kinetics of the process. In many
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systems, equilibrium is never reached, but the rate at which it is

approached, is just as important as knowledge of the equilibrium state.

For heterogeneous reactions, in broad terms, the product
mucleus and the parent matrix or, alternatively, the product crystal
and the parent melt, are separated by a reaction interface and two

steps must occur for the reaction to proceed:

(a) material transport to the interface;

(b) chemical reaction at the phase boundary.
In some cases, depending on the nature of the reaction involved, a
third requirement is the transport of reaction products away from the

interface.,

Any of these steps may limit the overall rate of reaction,
since the overall rate will be determined by the slowest step.

2e5ele Diffusion models

2¢5elele Parabolic rate law - if the rate is dependent
on the thickness of the product layer, then, the parabolic law becomes
applicable for heterogeneous reactions63’64. It may be assumed that,
if local equilibrium occurs at the phase boundaries, i.e. if at phase
boundaries all thermodynamic variables are fixed, and the local defect
concentrations are also fixed for all time of reaction, then, an
average concentration gradient of defeets is formed in the product
layer, which is inversely proportional to the layer thickness Ar., This
results in a flux of ions65. The rate determining ionic flux is,
therefore, given by J « 1/Ar. Since J is proportional to the instant—
aneous growth rate dAr/dt of the layer, it follows that dAr/dt « 1/Ar.
This expression may be integrated to give the parabolic growth law in

the form below - see derivation in appendix A-2-1,
2
where KD is the parabolic rate congstant.

In order to express Ar in terms of the fractional
conversion Rx’ which is a more useful quantity, in terms of observed
experimental data, the following equation has been derived66 -
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see appendix A-2-2,
2k t/r° = [t - (1-R) 1/3 72 2,15
o [ X o-Je

This is known as the Jander's equation derived for spheres only and
relates the fraction of reaction completed to time. This equation
predicts that the progress of the reaction is inversely proportional

to the square of the particle radius and that a plot [1 -1 —Rx)1/ 3 ]2
versus time should give a straight line, indicating a direct correlation

with mass transport control across the product layer,

It has often been found that Jander's equation does not
adequately represent reaction data, indicating that more complicated
situations actually exist. Various improvements to this model have been

suggested by several workers. These have been reviewed by Hulbert67’68.

It has been found that the parabolic rate law describes the
oxidation of metals, where in most cases the formation of a compact

64’65. It does not apply, however,

spinel-type product layer is involved
to the oxidation of the alkali or alkaline earth meta1369: it has been
shown that magnesium and cglcium oxides do not interfere with the
passage of more oxygen towards the inner unoxidized core. Themelis7o
has also shown that the parabolic law is not applicable in the case of
iron oxide reduction, since the removal of oxygen atoms leaves the iron

lattice with a lower specific gravity than the original oxide.

265624 Chemically-controlled reactions - when diffusion of a

species through the product layer is so rapid that the reactants canntt
combine fast enough at the reaction interface to establish equilibrium,
the reaction becomes phase-boundary controlled and, therefore, the
movement of the reaction interface is at a constant velocity.
Implicated in this model is the fact that the thickness of the product
layer has no effect on the wvelocity of the reaction and, hence,
diffusion of the reactants through the product layer plays no part in

controlling the overall reaction rate.

Equations relating the fractional conversion to time have

T70-73

been derived for simple geometrical systems , assuming:
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i. the reaction rate is proportional to the surface

area of the unreacted material;

ii. mnucleation occurs instantaneously over the entire
surface, so that the surface of the particle is
uniformly covered by a layer of the product phase,

For a sphere of density po reacting from the surface
inwards, the relationship between RX and t is given by the expression73:

see appendix A-2-3.
xt/r P = 1-(1-R.) 1/5 2.16
c’7oo0 T Tx e

Experimental confirmation of this equation was first presented by
Stalhane and Malberg74, who reported that the reaction zone for
reduction of iron oxides advances linearly with time. Spencer and

75 have also derived an identical expression to equation 2.16.

Topley
in order to quantify the thermal decompos1t10n of Ag2003 Inspection
of equation 2,16. shows that a plot of (1= Rx) /3 versus time should

yield a straight line.

It has been observed that, in some cases, linearity may
not be followed for 100% of the conversion process, and that deviations
from linearity may be noted towards the end of the process77. Such
deviations are most probably due to associated physical phenomena,
which can either accelerate or retard the reaction. For instance,
crgking or spalling méy occur, thereby increasing the area of unreacted
phase exposed to the reactant species and, thus, accelerating the process76.
On the contrary, recrystallization of the product layer could result in
a decrease of the number of available passages through which the

reactant may advance to the unreacted material.

The mechanism which leads to a phase~boundary controlled
reaction assumes that the nucleation step occurs instantaneously so
that the surface of a reacting particle becomes uniformly covered by a
layer of the product phase. However, nucleation of the product phase
may not necessarily be followed by rapid surface growth, and another
approach to the mechanism of reaction is to consider the nucleation
of product at active sites, and the rate at which these mucleated
particles grow.
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2.5%3% Nuclei growth models - Langmuir was one of the first

to postulate that phenomenological aspects following a heterogeneous
reaction are limited by the concepts of formation and growth of the
product phase* In other words, the rate of nuclei formation and their
subsequent growth and impingement may control the rate of growth of the
product phase - at least in the early stages of the conversion process.
This conversion process in a heterogeneous system is represented by the
curve shown in Fig. 2*5*79. The overall process may be sub-divided

into four individual periods: initial (i), induction (ii), acceleratory
(i1l) and deceleratory (iv). During the initial period (i) the reaction
involves only a few atomic layers near the surface of the reactant.

The extent of reaction during the induction period (ii) is very limited,
but after some critical time t the reaction rate increases rapidly
during the acceleratory period (ill). The maximum rate of conversion

is achieved at the point of inflexion Ri’ ti which constitutes the

start of the deceleratory period (iv). For t >t. the reaction rate
decreases steadily, eventually falling to zero as the reaction approaches

completion.

According to Jacobs79, when nuclei are formed only on the
surface, isotropic or anisotropic growth and overlap lead to the
formation of a continuous interface between the internal unreacted
material and the product layer outside. If the interface propagates
inward at a constant rate, as it will if every molecule of reactant in
the interface has the same probability of reacting, then, according to

Jacobs, it follows that:
1 - U-Rx) 1”n = kNt 2.17.

with n = 3, when nucleus growth occurs as an essentially three-
dimensional process. The author suggested that this equation provided
an excellent fit to the deceleratory period and should be applied when
direct observation identifies the presence of a coherent interface

advancing at a constant rate.

It appears that this kind of phenomena can be observed only
if the induction period, during which reaction spreads out from a
number of nuclei, is long enough to be recorded on a conversion rate

against time plot. This must be the main reason why almost all
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reactions classified in terms of a nuclei growth model have been for
experiments carried out at relatively low temperatures. At higher
temperatures, the growing nuclei spread out faster with a coherent
interface being attained in a very short time and, then, advancing at
a constant rate towards the centre of the unreaeted material. This
rate of reaction should be controlled by the specific reaction rate
constant and also by the area of the interface at which nucleation
takes place. Consequently, nuclei growth-controlled reactions should
obey a rate equation very similar in form to that described before for

a linearly-advancing reaction interface.

. 68 .
Hulbert and Popovitch have assumed that nuclei growth
is equivalent to a first-order-reaction, since their results could be

plotted according to a first-order rate equation such as:
m(i-Rx) = ( kHt)m 2.18.

where m is a parameter which is a function of the reaction mechanism,
the nucleation rate and the geometry of the muclei,*. This equation may

be transformed to give:

In N 2.19.

A plot of 1In versus In t should yield § straight

line with gradient m and an intercept of In krmr.

Themelis70 has shown that an experimental relationship of
the same form as equation 2.18. also applies for control by unsteady-
state diffusion. This researcher has expressed considerable doubt
about the assumption that nuclei growth may be considered to be a first-
order reaction. He suggested that, while such a mechanism could be
justified for homogeneous reaction, where all parts of the reaction
system are subjected to similar chemical attack, it cannot apply
rigorously to a heterogeneous reaction, when different depths of the

same particle may be converted to different extents.

2.6® Activation energy - the concept of activation energy
provides one of the most important means of interpretation of chemical

kinetics and applies equally to homogeneous or heterogeneous reactions.
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The temperature of the rate of a chemical reaction, as
reflected by the value of the reaction rate constant, has been found
to be well represented by the Arrhenius equation:

e-E/RT

k = k 2020:'

(]
where ko is a proportionality factor characteristic of the system
(the frequency factor) and E is the activation energy for the process.
From this law a plot of 1n k versus 1/T gives a straight line with a
gradient which is related to the activation energy for the reaction.
Reactions with high values of E are, therefore, very temperature-
sensitive, while reactions with low activation energy are relatively

temperature-insensitive.

The value of the activation energy obtained from plots of
rate against reciprocal temperature is not necessarily the one
corresponding to the specific rate of the chemical reaction, but rather
to the rate of whatever process is controlling the overall rate, ee.ge
whether it is diffusion or phase-boundary control. In many cases the
appropriate value of the activation energy for the rate controlling
process may not be known or may be the subject of much controversy.

The situation may be further complicated, when the phenomenon is complex

‘and involves both chemical and physical effects77.

Based upon the assumption that experimental data could be
analysed from a chemical reaction controlling mechanism point of view,
some few researchers have established the values of the activation
energy of the interaction between aluminium and silica4’46’47’50’62.
Below the melting point of aluminium and as low as 40000, with the
formation mainly of @-alumina and silicon, the value of the activation
energy was found equal to 13.8 t 12.5 kJ . mol-1. This value,
according to Prabriputaloong and Piggott62 decreases abruptly at the
melting point of the aluminium., The same a.uthors4 examined an
Arrhenius plot of experimental results of studies on thin films of the
reduction of silica by aluminium at 700°C, (thus at temperature very
near the melting point of aluminium - 660°C, and where

E=Tl.1 2% 167 kJ » mol-1) and confirmed their questionable statement.
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In a different series of experiments silica was immersed
into molten pure aluminium at 700 to 820°C under vacuum and in air at
atmospheric pressure, Prabriputaloong and Piggott62 established the
respective activation energy values: in the absence of interference by
air formed oxide film on the surface of the molten metal, the E value
was 175.6 ¥ 29,9 KJ mol-d. Vith air present the activation energy

was 158484 £ 29.9 kI . mol .

These values of the activation energy were not very diff-

46 Galue, 265.4 L 6.3 kI . mol” for

reaction between pure liquid aluminium and silica with predominant

erent from Standage and Gani's

formation of @ -alumina as the reaction product. When y-alumina was
observed to be the predominant reaction product phase, the value of the

activation energy was estimated to be 183%.,3 : 6.3 kJ & mol-1.

Squires and Rayson50 working with thermal degradation of
silica fibre-reinforced aluminium estimated an activation energy value

of 2801 kJ m01’1.

Despite the variety of purposes of the kinetic studies on
the reaction between aluminium and silica, there is, amongst invest-
igators, an evident consensus of opinion on activation energy values:
excluding temperatures very close to the melting point of aluminium,
down to~v400°C and up to'~85000 these values varied from ~130 to approxe.
280 kJ o mol ' In order to indicate this consensus in activation
energy values, a number of Arrhenius plots reported were recalculated
to the same units of reaction rate constant and assembled in Fige 2.6.
From the consistency of the slopes of the lines it may be concluded that
the extent of reaction between silica and aluminium over a range of
temperatures was governed by kinetic factors and that it was charac~-
terised by a single controlling mechanism. It was one of the tasks of
the present work to clarify this situation.

2eTe Pertinent phase eguilibria in multicomponent systems

involving aluminium

As mentioned earlier, the mechanism and hence the kinetics
of the reaction between molten aluminium and solid silica may be
affected if the aluminium contains other elements, e.g. silicon or

transition metals such as manganese or iron. The influence of silicon
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on the progress of the reaction has already been considered throughout
this literature review. No attempts have been made, however, to
establish the effect which iron or manganese have on the kinetics of
the reaction, although phase equilibria for certain systems involving
aluminium, manganese, iron and silicon have already been largely
established.

2eTele The aluminjum-manganese binary system

An extensive bibliographic review on this system has been
presented by Mondolfoso. The aluminium end of the aluminium-manganese
equilibrium diagram is presented in Fig. 2.7. The most probable values
of the so0lid solubility are 1.8 mass % Mn at 930K, 1.0 mass % Mn at
900K, 0.42 mass % Mn at 800K and 0.2 mass % Mn at 700K. By quenching

from the liquid state, the solubility can increase up to 15 mass % Mn.

The eutectic between the intermetallic compound MnA16 and
the aluminium-rich solid solution is at approximately 1.9 mass % Mn and
occurs at 930K. On the manganese-rich side of the eutectic point, the
liquidus rises steeply and the primary intermetallic phase is MnA16 up
to a composition of 4.1 mass % Mn. MnAl. is formed by a peritetic
reaction at 983K, from a phase whose formula is usually given as
MnAl, (with 33.7 mass % Mn):

4
Above 4.1 mass % Mn and up to 1340 mass % Mn the intermetallic compound
MnAl 4 becomes the primary phase. Several other phases are formed at

higher manganese contents, These, however, have been assumed as not

pertinent to this work.

2eTe2e The aluminium=iron binary system

The experimental works which have been carried out in order
to establish the equilibrium~-phase diagram for the aluminium-iron system
are comprehensively revieﬁed by Mondolfoao. The aluminium end of the
binary equilibrium diagram is presented in Fig. 2.8.

There is a eutectic, Al — FeAl_ at the aluminium end, at

3
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928K, with a probable composition within the range 1.7 to 2.2 mass 5 Fe.
The equilibrium solid solubility is of the order of 0.03 to 0.05 mass % Fe
at the eutectic temperature, decreasing to minimum values at 700 K. By
quenching from the liquid, supersaturated solutions can be produced
containing up to 18.4 mass $ Fe. The phase in quilibrium with aluminium
is usually designated as Fe Al* (40.7 mass $ Fe). This compound forms

directly from the liquid at 1420 K.

Precipitation of Fe Al* from the solid solution is very slow
for alloys containing the equilibrium amount (~0.04 mass $ Fe) in
solution. However, in alloys produced by quenching from the liquid, in
which the amount of iron in solution is some two orders of magnitude

higher, precipitation is much faster.
2.7.3. The aluminium-manganese-silicon ternary system

Besides the phases present in the binary system, i.e.
Al, MnAlg, MnAl” and Si, a large number of ternary phases are formed;
among these the formula Mn”* Si* Al.* (26.3 mass $§ Mn, 8.9 mass Si)
fits best the range and the structure of both manganese and silicon in
the temaiy alloy. Fig. 2.9. shows the liquidus surfaces at the

aluminium comer.

The solid solubility of manganese and silicon are somewhat
reduced in the ternary alloys. Most of the phases in the system form
by peritectic reaction as described, for example, by equation 2.21 e

Other reactions may be presented as:

Lig — >Al + Mn Alg 2.22.
Liq — »Al + Si 2.23.

Several other phases identified by many authors have been largely

80
described elsewhere in the Mondolfo*s bibliographic review
. . Lo 80
2.7.4. The aluminium-iron-silicon ternary system

The aluminium comer of the aluminium-iron-silicon ternary
equilibrium diagram is shown in Fig. 2.10. There are two ternary phases
that can be in equilibrium with aluminium: ng 5%910 and Fe Sﬂuqs.

However, completion of peritectic reactions is necessary for equilibrium
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to be established:

Lig —=Al + Si + Fe SiAlg 2.24.
Lig + Fe Al; — 41 + Fe, Si Alg 2.25.
Lig + Fe, Si Alg —-Al + Te Si Al 2.26.

More ternary phases form at higher iron and silicon contents. These

have been comprehensively described by Mondolfo8o.

The phase Fe2 Si A18 and others may be expected to appear in
all the alloys in which they are primary, and that free silicon,
generally as eutectic, may be present even in alloys with Fe ¢ Si ratios

of 4:1, because with fast cooling silicon solubility is reduced.

286 Implication for the present work - so far as this literature

survey has identified the direct relevant background works on the reaction
between liquid aluminium and solid silica (and/or silicates) in particular.
Hitherto there has not been any agreement on the existence of phases
derived from this reaction and the amount of information on their
equilibrium is, for the most part, very meagre.

The complexity of the reaction system is likely to be
aggravated by the constitution of the reaction products themselfes,
particularly of the alumina., The time and temperature-dependence of
alumina transformations throughout the formation of its polymorphs
during reaction has not been undertaken very often as an ultimate
objective to predict the behaviour of the reacting system involved.

The evaluation of these interdependent factors should provide
the basis needed in order to obtain the indentification of the
mechanisms of interaction between molten aluminium and solid silica and
data for the correlation of the reaction rate with concentration and

temperature.



3 EXPERTMENTAL METHODS

3ele Preliminary Work - before examining the reaction between

silica and molten pure aluminium/aluminium alloys, a suitable reactor
was designed and built. In addition, physical techniques for analysis
and quantification of the mechanism of reaction of reacted specimens
had to be developed. Consideration also had to be given to the
preparation of aluminium alloys containing various amounts of iron,
manganese and silicon. These various aspects of the work are

described belowe.

Selele The reactor - a photograph of the equipment used in the
preliminary experiments is shown in Fige 3.l. and a schematic diagram
of the reactor and gas flow system is shown in Fig. 3.2

The furnace tube was of impervious recrystallized alumina.
It was 960 mm long by 58 mm ID gas tight and fitted with removable
water cooled aluminjum end pieces. For the preliminary studies of
the interaction between silica and pure aluminium in the temperature
range 750 to 1000°C the reactor was mounted vertically inside a
220 mm long by 67 mm ID recrystallized alumina tube., This outer tube
was wound with Kanthal - Al and acted as a resistance furnace
operating up to a temperature of 105000. The spiral windings were
embedded and properly supported in C - 60 refractory cement. The
space between the two tubes was packed with Triton Kaowool, in order
to minimise thermal convection. The furnace tube itself was insulated
by surrounding it in a structure of refractory bricks held in place by

a Sindanyo case.

The furnace windings were connected to a 7 kw power supply
regulated by a Proportional Temperature Controller type SR-2 (CNS
Instruments Ltd), with a platinum resistance thermometer as the -

temperature sensing device.
The furnace gave a hot zone of approximately 60 mm long
inside the reactor, with a radial temperature variation of x 5°C on

the walls of the tube.

The machined aluminium cover on the bottom of the reactor



tube supported a centrally placed stainless steel rod with a
cylindrical pedestal at the top. This was used to support the
crucible in the hot zone - see Fig. 3.3. -. Alumina powder was

packed into the annular space between the crucible and the cylindrical
pedestal in order to avoid any chemical interaction between the two.

The crucible and support pedestal were totally enclosed
in a stainless steel radiation shield in order to egualize the
temperature distribution around them. A temperature exploration
using a chromel-alumel thermocouple at different heights inside the
crucible showed variations of less than * 2°C. The radiation shield
was welded to the end of a stainless steel rod, which acted as a
support for it and which passed through the centre of the machined
aluminium plate covering the top of the reactor tube. The silica rod
to be immersed in the molten aluminium was inserted into the machined
hollow end of the stainless steel rod, which supported the radiation
shield and was held in position by means of a screw.

3ele2e The gas purification system - in order to prevent oxidation

of the metallic bath, high purity argon from storage cylinders was
introduced into the reactor after first being passed through a
purifying system - see Fige 3+2. - The oxidizing potential calcul~-
ations for the experimentally used controlled atmosphere are presented
in appendix A-3.1. The gas flow through the system was controlled with
the aid of a rotameter (1100 rotam. max. 13 l/min) at a constant rate
of 150 cm3/min. The gas inlet and outlet for the reactor were
respectively sited in the lower and upper plates sealing the ends of
the tube. After leaving the reactor tube the argon-gas was bubbled
through a bottle with distilled water before being exhausted to the

atmosphere to give a visual indicgtion of outflow from the system.

Selede The preparation of materials for the preliminary studies -

the important physical and chemical properties of the materials employed
in the preliminary experiments are summarised in Table 3.l.

3eleFele Aluminium - it was found that the oxide layer on the surface
of the aluminium charge could produce a significant film of alumina

on the surface of the melt. This might have coated the silica rod as
it was being immersed in the melt and hence might have affected the

course of the reaction. It was, therefore, necessary to remove as much
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as possible of the alumina coating from the charge materials, before

they were used in an experiment.

High purity aluminium was first melted in a magnesia
crucible and cast into a cylindrical cast iron mould. The surface
oxide film could then be machined off, resulting in a slug of an
appropriate size and mass to be placed inside an alumina crucible,
which was then heated in argon in the apparatus prior to the start of

every experiment.

3.1.3*2. Silica - pure transparent vitreous silica rods of different
diameters were used. These were cut into convenient lengths and
annealed in air at 1280°C for eight hours to release any thermal
stresses which might have been introduced during fabrication. No signs
of devitrification (formation of cristobalite crystals) on the surface
of the rod have been observed® After being slowly cooled to room
temperature, they were washed in carbon tetrachloride and stored in

clean cotton wool.

3.1.3.3- The crucibles used - a few recrystallized alumina crucibles
were exposed to molten aluminium under an argon atmosphere and at about
800 - 950°C for periods of time varying from one to three hourse This
was carried out in order to explore the resistance of alumina to attack
by the melt. The only visible sign of attack appeared to be a slight
groove located around the crucible at the position of the molten
aluminium surface. This degree of attack was considered to be negligible,
and thus, confirming that recrystallized alumina crucibles could

effectively be used in subsequent experiments.

3.1.4. Procedure - for the preliminary studies, only the inter-
action between pure liquid aluminium and transparent vitreous silica

rods, with diameters of 3.0, 5.0 and 10.0 mm was considered.
The procedure adopted essentially involved heating the
reactor to a uniform temperature and immersing the preheated rod into

the crucible of molten aluminium, whilst maintaining a steady flow of

high purity argon through the reactor.

A series of experiments were carried out at temperatures
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760, 815, 840, 860, 920 and 980°C. The immersion times varied from
0.5 to 120 minutes. Some of the experiments were repeated several
times, using the same conditions, in order to check the reproducibility
of the results obtained. An outline of the experimental programme is

presented in Table 3.2.

In all the experiments the charge to the alumina crucible
consisted of an ingot of 35 - 40 g of pure aluminium. The crucible
and its contents were positioned centrally in the hot zone on the top
of the pedestal and support rod. A Pt — Pt 13% Rh thermocouple which
passed through the plate sealing the top end of the reactor tube was
positioned just above the surface of the liquid aluminium in order to
record the temperature until a steady value was attained. A second
Pt - Pt 13% Rh thermocouple was then intermittently immersed into the
molten metal in order to determine its temperature. Both thermocouples
were calibrated against the same secondary standard and were contained
within gas tight, recrystallized alumina sheaths. The temperature
indicated by the second thermocouple, i.e. - the one immersed in the
liquid metal, was taken as the experimental recorded value; it was, in
general, found to be slightly lower than the temperature just above the

melt. Typical values obtained are as follows:

—— o. — o —— o. — o
t £ = 760 °C3 ts = 767 C tref = 860°C: ts = 869 C

-_— o. — o —_— o. — o
tref = 815 C; ts = 824°C t £ = 920°C; tS =926 C

_ O, _ o _ o, ‘ _ o
t = 840°Cy ts = 851°C tref = 980°C; ts = 088 C

vhere tref is the temperature in the liquid metal and ts is the

temperature above the liquid surface. The temperature above the

aluminium surface was compared with the mean temperature of sewveral

values of several points within the melt. The central axis temperature

indicated by the thermocouple immersed in the liquid metal, did not vary
+ .0

by more than - 2 C.

In order to prevent any reaction between the silica rod and
the lower gaseous aluminium oxides, A120 and/or A10, which might have
have been volatilized from the liquid surface, the rod and the
radiation shield were suspended some distance above the hot zone until

the temperature of the metal had stabilised at the desired value. By
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observation through the window in the top of the reactor, the rod was
then lowered to a position just above the liguid surface and left

there for a period of abqut one minute in order to allow it to reach

the temperature of the hot zone. At this moment, argon was blown onto
the liquid metal surface by means of a lance which passed through the
top of the reactor. The rod was then immersed into the liquid aluminium
and a stopwatch was started. It has been assumed here that the differ-
ence in temperature above the liquid surface and in the bulk metal, as
mentioned above, was sufficiently small not to affect the initial

course of the reaction between the silica rod and the aluminium melt.

After the desired experimental time interval had elapsed,
the rod was withdrawn from the melt and rapidly raised in the cooler
part of the upper reactor tube. It was then removed from the reactor
and allowed to cool to room temperature. After mounting in resin, the
rod was sectioned into slices, and then remounted in resin prior to

grinding and polishinge.

Before removing the crucible from the reactor the liquid
metal was thoroughly stirred. A sample of the metal was sucked into a
small diameter silica tube and quenched into carbon tetrachloride. The
resulting pin-sgmple was then subjected to chemical analysis. The
analytical method is described in section 3.9.

Fele - Studies involving aluminium and aluminium alloys at

elevated temperatures

Felele Preparation of metallic starting materials

3e2elele Aluminium-menganese and aluminium-iron alloys -~ in the case

of polyphase alloys such as aluminium-manganese and aluminium-iron, it
was feared that due to the variation in composition within a given alloy
and particukar1y>between alloys produced for individual experiments, a
disparity of results might arise and these would be impossible to
characterise. It was therefore decided that each series of experiments
involving a particular aluminium-manganese or aluminium-iron alloy would
be carried out with material from the same batch.

The composition of the basic metals employed in the prep-
aration of the alloys is presented in Table 3.3. The average mass of
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each melt was approximately 4.0 kg The method used to produce the
aluminjum-manganese and aluminiuvm-iron alloy with compositions varying
from 5.0 to 15,0 atomic % ¥Mn or from 5.0 to 15.0 atomic % Fe is

described below.

In order to ensure homogeneity, a technique was adopted,
which involved melting each alloy twice. For each alloy composition
>the aluminium and the desired amount of the alloying metal were first
melted together under a protective atmosphere of argon in a pure
magnesia crucible in an induction furnace. This was performed in order
to ensure that all the manganese or iron melted. Before casting into a
cast-iron mould, pin-samples were taken for analysis by sucking the
molten metal into small diameter silica tubes, vhich were then rapidly
quenched into cold carbon tetrachloride. After casting, the resultant
ingot was broken up into pieces and again remelted in the induction
furnace under argon in a Thermax G 10 crucible - see Table 3.,3. In
most cases only small corrections had to be made tgbgbmposition of the
master-alloy. This remelting stage was carried out as rapidly as poss—
ible in order to minimise contamination of the melt from the crucible
and also, in case of aluminjum-manganese alloys, to minimise losses of

manganese by volatilization.

At 150o C above the pouring temperature, i.e. 1050 - 115000,
the alloy was transferred to a preheated magnesia crucible. Pin-
samples for analysis were taken and quenched into carbon tetrachloride.
The temperature was measured and the melt was then slowly poured into a
tank of cold water, through which air was bubbled in order to ensure
adequate circulation. As a result, small granules; 10.0 mm average
diameter, were produced. In the case of aluminium-manganese alloys, a
small amount of manganese, generally less than 2% of the amount charged,
was lost due to volatilization.,

Alloy losses in the case of aluminium-iron melts were even
less than those with aluminium~-manganese alloys.

The chemical analysis of the liquid metal pin-samples and
randomly selected samples of the final alloy were almost identical. An
acceptable degree of homogeneity was therefore achieved. The analyses
of the alloys produced are presented in Table 3.3.
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3e2e1le26 Aluminium-silicon alloys - the alloys were prepared by

dissolving particles of silicon in molten aluminium in a magnesia
crucible. Iong holding times were required to dissolve the silicon
particles. In this case?double melting practice was not necessary.

The melt was poured into cold water, in the same manner as the previous
alloys. Only small composition deviations from the required values

were observed, as indicated in Table 3.3.

3e2e26 Modifications to the experimental apparatus - for studies of

the reaction of molten aluminium and aluminium alloys with solid silica
at temperatures somewhat higher than those used in the preliminary
experiments, it was necessary to modify certain parts of the apparatus.
A general view of the modified equipment is shown in Fig. 3.4

Intermittent heating operation at temperatures ranging
between 1100 to 1350°C limited the life of the Kanthal A-1 winding used
in the original furnace. Due to oxidation the winding became brittle
and could not withstand the stresses imposed on it due to heating and
cooling. Therefore, a new furnace had to be constructed using "Crystalon
hot rods" as the heating elements. These elements are silicon carbide
rods with a high resistance to oxidation at elevated temperatures
(~1650°C).

The insulating brick structure around the furnace consisted
of "hot face" insulating bricks (HGI) and "Kipsulate" panels convention-
ally mounted in a Sindanyo case. This is shown schematically in Fig. 3.5a.

The heating elements were supplied with 7 - 9 kw power
regulated by a "Dual Variac Controller" - (DVC), which is, in actual
fact, a 2 x variable transformers connected in parallel and operating
with a max. output of 62 amps. The DVC was controlled by a Eurotherm
"on/off" switch control with high temperature protective palladium
thermal-fuse placed in the furnace. The wiring diagram for the equipment
is shown in Fig. 3.5b.

The materials from which the components within the reaction
tube were made, also had to be changed - see Fige 3¢6. — . In the hot
gone, graphite was used to support the crucible instead of stainless steel.
Exploratory tests under a protective atmosphere of argon at ~1350°C
with graphite crucibles containing liquid aluminium or allgminium alloy
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with manganese or iron or silicon showed that they had good resistance
to attack by the melt. Graphite crucibleswere, therefore, used in all

subsequent experiments,.

Because the walls of the pedestal made of graphite were close
to those of the alumina reactor tube, the radiation shield was not
necessary. Instead a hollowed-out graphite plate was placed on the
crucible partially closing the gpace above the crucible.

In order to facilitate some experiments under dynamic
condition in which the silica rod was rotated, whilst immersed in the
molten metal, a silica rod of longer length was fitted into an adapter
passing through the top of the reactor and comnected to a variable

speed "Gallakamp" stirrer, as shown in Fig. 3.7.

Fel636 Experimental programme and procedure

362630l Static experiments - these were done by immersing initially

silica rods of 3.0, 5.0 and 10,0 mm in diameter into pure molten
aluminium and later by immersing silica rods of 10,0 mm in diameter
only into molten aluminium alloys. These alloys as previously mentioned
were made with 5.0, 10,0 and 15 atomic % of manganese, iron and silicon.
Such alloys allowed a study to be made of the effect of the respective

elements on the reaction process.
Four different temperatures were used: 1110, 1170, 1220
and 1265°C. The immersion time of the silica in the molten metal

varied from 2.0 to 240 minutes.,

36203026 Rotating experiments — a series of experiments were

performed in which a silica rod of 10 mm diameter was rotated in molten
pure aluminium and in aluminium alloyed with 5 atomic % Mn or 5 atomic %
Fe. The rod was rotated in the liquid metal at 5, 15 and 35 revo-
lutions per minute and at two different temperatures: 1170 and 126500.

An outline of both static and rotating experimental pro-

grammes carried out at elevated temperatures are shovm in Table 3.4.

30203030 Procedure - for all the experimental runs, 50 - 60 g of
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pure aluminium machined as previously described in the preliminary
work, and of the desired alloy in granular form were placed in the
graphite crucible and positioned in the hot zone of the reactor tube.
The alloy was melted under an atmosphere of argon purified in the same
manner as described before for the preliminary work - section 3.1,
Fige 3424

The temperature of the melt was measured by immersing a
Pt - Pt 13% Rh thermocouple in an alumino-porcelain sheath. The
thermocouple was also used to stir the liquid metal before immersion
of the silica rode. VWhen the melt reached the desired temperature,
the prepared silica rod was positioned just above the liquid surface
for approximately 30 sec., with argon being blown through a lance onto
liquid surface. This minimises condensation of aluminium suboxides on

the silica prior to immersion.

The same procedure was employed in the experiments in which
the silica rod was rotated. The positioning of the rod at the central
axis of the crucible was ensured by the presence of the graphite plate

placed above the crucible.
The techniques adopted for the termination of an experiment
and the sampling of the melt for chemical analysis were the same as

those adopted in the preliminary experiments - Section 3.1.

3e3e Chemical analysis - the manganese and iron contents of the

respective alloys with aluminium were analysed using an atomic
absorption method, performed with a Unicam SP 90 Atomic Absorption
Spectrometer as described in the Unicam Manual of instruction881.

Standard operational conditions were adopted for the instrument.

Silicon was determined by the Gravimetric Regelsberger
method. The metal was dissolved in sodium hydroxide solution and the
solution, containing all the silicon as sodium silicate, was acidified
with sulphuric acid, and fumed. The precipitated silica was filtred
off, ignited and determined by loss of mass on fuming with hydrofluoric

acid and sulphuric acid82.

Sele Specimen preparation for measurements and micro-structural

analyses - as described earlier each specimen was withdrawn from the
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melt and allowed to cool without touching any surface, thus avoiding
any loss of integrity of the product layer as a result of differences
in thermal contraction among the reaction products. The friability
of the reaction layer required the specimens to be mounted in resin
before cutting. Each specimen wgs sliced into three or four sections
using a diamond cut off wheel. These were thoroughly cleaned in

acetone and remounted in resin before grinding and polishing.

The mounted specimens were carefully ground on 240, 400
and 600 grit wet carborundum paper. For polishing, a retainer made by
drilling three 32 mm diameter holes in a piece of 80 mm diameter by
22 mm thick perspex was placed over the polishing wheel. The specimens
in the holes had sufficient clearance to turn, as a result of the
movement of the automatic polishing arm. Polishing was performed on
Hypocel Pellon - PSU type adhesive discs, initially impregnated with
45 pm diamond paste until the 600 grit scratches were removed, and then
successively on discs dmpregnated with 25, 14, 6 um diamond paste for
periods of 2, 3 and 5 hours respectively. The specimens selected for
microscopic examination and analyses were further polished for 1 - 2
hours on Microcloth with 1 and 0.25 um diamond paste. Despite the
precautions, it was practically impossible to achieve an entirely flat
surface on the specimens, as a result of the surface relief effect
produced at the outer edge. This, however, did not affect the

measurements nor lead to any misinterpretations of the microstructures.

3e4ele Reaction measurements ~ the thickness of the product layer

and the radius of the unconverted silica surface were measured by
placing the specimen on the rotary mechanical stage of a Zeiss
Photomicroscope. The microscope was fitted with inter~changeable
objective lenses of reasonably long focal length, but short depth of
focus, and with x8-complan eyepieces with a wide field of view. In one
of the eye pieces was a graticule marked with O.1 mm divisions and
calibrated for each magmification.

The selection of a truly representative section of a reacted
specimen for examination, had to be carried out as carefully as possible,
in view of the different planar configurations of the product layer.

This is illustrated schematically in Fig. 3.8 a-d. From just below the

liquid surface to approximately one fourth of the length of the immersed
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rod, a deeper degree of penetration of the reaction front ("the neck")
was observed. In addition, a deeper degree of penetration of the
reaction front was observed over the lower one fifth of the immersed
rod. As indicated in Fig. 3.8,a, the extremes of each specimen were
cut off and rejected as being non-representative of the true extent of

the reaction.

The section cut fron the length "1" could give any of the
three product layer-unconverted rod configurations, shown in Figs.
3.8,b, c or d. In the case of 3.8,b, the product layer was non-uniform
and the silica could be continuous from the interior to portions of its
surface. In 3.8,c, the unreacted core was covered by a layer of
uniform thickness. A uniform but irregular "solid-solid" interface, as
shown in 3.8,d, was commonly developed when specimens were immersed for

longer periods of time.

The thickness of the product layer Ar = rQ - r®, where Ar
is the thickness, ro is the original radius of the rod and rq is the
radius of the unreacted core at any time, was estimated by calculating
the average of 32 equi-distant measurements made randomly around the
circumference of the rod. No matter what the microstructure was, the
reacted distance was always measured from the periphery of the unreacted

silica to the periphery of the rod.

In cases such as those depicted by Fig. 3.8,b, where the
product layer in the very early stages of the reaction consisted of a
small number of segments, the 32 measurements were made in regions

covered only by the product layer. Again an average value was calculated.

3.5 X-ray diffraction studies - due to the number of phases
(metallic and non-metallic) involved as the result of reaction of silica
with aluminium and/or aluminium alloys with iron and manganese, and due
to the relatively small quantity of sample material to be subjected to
x-ray diffraction analysis, a systematic procedure of sampling had to
be used. This consisted of crushing individual specimens in a tungsten
carbide mortar and sieving, until a maximum particle size of 100 mm was
achieved. The powder obtained was then divided into tho halves. X-ray
diffraction analysis was carried out on one part and the obtained
diffraction patterns were compared by superimposition to standard x-ray
diffraction patterns for the metallic phases possibly involved in the

reaction and previously. cont.
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prepared as follows:

ZeDele Aluminivm - high purity aluminium ("Super-pure", British
A41.Co.) with chemical analysis as indicated in Table 3.l. was used for
this purpose. A slug was washed in 5 m1(40%) hydrofluoric acid

+ 95 m1 distilled water, rewashed in distilled water and then immersed
into alcohol for crushing., Small particles were further ground in an
agate mortar till a particle size less than 75 um was obtained. ZX-ray
standard diffraction pattern was obtained by processing the aluminium

powder as further described in section 3.5.6.

3e5e20 Silicon - observation under light microscope has shown
pools of this element precipitated within the porous product matriz.
This will be shown in Chapter 4, For x-ray purposes, thus, silicon was
obtained by firing broken pieces of some pure aluminium-silica
reactious specimens, all completely reacted in the range 1110 to 1265°C,
at temperature about 1000°C for some hours and under argon a’cmos:éhere.
Similar to depression of mercury in a capilliary tube, the silicon
dispersed together with aluminium in the porous matrix was sweated-out
(1iquated) from it, and then collected, after cooling, for grinding.

In order to reduce major traces of aluminium, the powder was then
washed in etchant A - according to Table 3.5. X-ray standard diffraction
pattern was obtained by processing the silicon powder as further

described in section 3+5.6.

3e5e30 Aluminium=-silicon alloys - standard x-ray pattern for

these alloys has not been prepared, since it has been assumed that
elemental (primary) and eutectic silicon would precipitate from any
hyper-eutectic alloys as reaction products at temperatures and times

used in the experiments.

3e5ede Aluminium-manganese and aluminium-iron alloys - endeavour

to obtain x~-ray diffraction patterns for both manganese and iron
alloyed with aluminium in the range 5.0 to 15.0 atomic%,Mn,Fe, was not
attempted., It was assumed that aluminium-manganese and aluminium-iron
solid solutions which remain in the formed product layer would present
somewhat different compositions from the original ones after reaction

at temperatures and times.
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3e5e5 Aluminas - the other part of obtained powder (Section 3.5.)
was further ground in an agate mortar to produce powder of a particle
size less than 75 um. From this part, metallic constituents were
removed by deep-etching using the reagents described in Table 345. In
order to minimise contamination, the powder was thoroughly washed in
absolute alcohol and then dried at 120°¢C, X~ray diffraction analysis
was carried out and the resulting patterns were again compared by
superimposing to those obtained for standards of alumina polymoxrphs
supposedly involved in the reaction and previously prepared as follows:
aluminium hydroxide/ A1(0H)3/, Gibbsite, with particle size <1 um,
supplied by M & B Chem, Lab. was fired in air, Recrystallised alumina
crucibles were used to avoid co-lateral reaction. The temperatures
and times programmed for this purpose were in first approximation those
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suggested in literature’™ and may be schematically represented as follows:

Gibbsite
/A1(0H). ./
3 450°¢C
in air/6 hours
Y- A1203 - < =
- 600-900"¢C
‘ in air/9 hours
e
0= A1203 . . .
— 1100°C 1000°C 1100 ¢
‘__‘ in air/% hours in air/12 hours in air/1 hour
0~ A1203
J
K- 1&:1.203 -
1100°¢
{ in air/24 hours
a- Al 203+

Slight modifications to this programme have been introduced and this
will be presented and commented on in Chapter 4, together with results
obtained.,
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3e5e60 X-ray techniques - For both standards and reaction specimens,

the powders were packed into lithium-borate capilliary tube (0.3 or
0.5 mm.diameter), The tube was placed in an 114.6 mm diameter
Debye-Scherrer camera and exposed for 3 to 5 hours, using Cu—KEradiation

0
(Cue K = 1.54051&;; Cue X = 1.54433 A) vhich was filtered through
a a

1 2

a Ni-foil,.
Standardisation of this method was facilitated by the
controlled processing of the exposed films and, as a comparative

technique was used, no other standardisation was necessary.

3e6e Scanning-electron microscopy - The general features of the

microstructure of reacting specimens were also examined using a
Phillips P EM-500 Scanning Electron Microscope (SEM). Theoretical
principles and detailed procedures for using the SEM may be found
elsewhere84£ To improve their electrical conductivity the small
broken pieces of reacted material were mounted with non-conductive glue
(Plastic Padding) on a Silverdag paint. After this, the Silverdag was
left to dry in vacuum. The specimen was then coated with gold to

eliminate charging-up effects.,

When an excessive amount of a previously liquid phase was
present, which masked particular aspects of the internal features of
the specimens, deep-etching had to be applied. The etchants used for
this purpose have been summarized in Table 3.5.

Specimens at several stages in the process were
qualitatively analysed using Element distribution x-ray maps and
continuous line scanning patterns performed by Energy Dispersion
Spectroscopy (EDS) located on several points on cross-sections of
reacted specimens, Corresponding elemental analysis using Energy
Dispersive Analysis of x-rays (EDAX) were also performed. Elemental
distribution within examined areas has been identified by x-ray map85.
For accurate analysis the surface of the specimens were polished on

0.25 pm diamond paste and then prepared as described above.



4, EXPERIMENTAL RESULTS

4els The kinetics of the reaction between vitreous silica and

liquid a2luminium

4elel. Introduction -~ in broad terms, the reaction between liquid

aluminium and solid silica may be considered to involve two processes
with the slower one effectively controlling the rate of the overall
reaction. The two processes are:

a) The chemical reaction between aluminium and silica at the reaction
front including the unreacted silica and the formed solid product layer.
b) The diffusion of aluminium (possibly of ions) through the formed
solid product layer towards the unreacted core of silica.

Many of the equations relating the pewrcentage of the total
reacted silica F(RX)’ (experimental measurements have been made of the
respective formed product layer, as mentioned in section 3.4.l.) to the
tire of reaction are of the form F(Rx) = kt, vhere k is the reaction
rate constant, t is the time and F(Rx) is the fraction reacted, which
in first approximation depends upon the geometry of the solid reactant
silica and on the mechanism of reaction. Vhen the reaction rate is
proportional to the surface area of the unreacted silica, and if it may
be assumed that nucleation occurs instantaneously over the entire
surface, so that there is a uniform obvering of the silica by a solid
product layer, then the relationship between percentage of the reacted

silica and time may be expressed by the equation:

1 - (1 - RX)°°5 - 7)—-2-1-‘-’-‘3-— 4.1.1.1.
510,%

and where do and Pgi0 2re, respectively, the diameter and the density

of the original reactant silica. For the reéction front progressing

R)o.5]

at a constant velocity, a plot of {1 = (1 - versus time

should yield a straight line., Equation 4.1.1.l1. may be rearranged as:

R, = [(4kt/ps

2,2, 2 2
3 a) - (4 /"s:zoz'do)] 4.1.1.2.
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the conversion of silica is linear with time. Expressing RX in percentage,

ee o 2,2 2
t/ . >> . . . ' . .
if (4kt Psi do) (4k°t /psl»02 do), then Rx Akt/PSl d

0,

hence [1 - (1 - RX)O'5] can also be expressed in percentage and the

slope of the lines is expressed as the reciprocal time (sec_l).

All the results reported here were calculated with
Ar=r_ - r., as it has already been described elsewhere — see section
3.4.1, However, it should be pointed out, that if atomic mass quantities

are considered, and assuming the densities .of aluminium, transparent

vitreous silica, alumina and silicon as 2300, 2200, 3800 and 2700 kg.m_3
respectively, then according to the stoichiometric ratio of %— between
product and reactant of reaction

4A1 +. 3SlO2 = 2A1203 + 38i 4.1.1.3.

the reactant and nroduct volumes are:

Lx10° o0 + 7.15x%x 10° m> = 11.15 x 10 ° m>

-5 3 5 3 5 3

537 x 100 " m> + 3.65x 10" m> = 9.02x 10 " m

This gives an overall volumetric contraction for a complete reaction
4.1.1.3 of 19,17. However, whenever it was possible to measure the
diameter of the mounted rod after reaction at any time, the shrinkage was

always inferior to 27. This will be discussed in Chapter 5.

It is worth mentioning that equations such as 4.1.1.1. omnly
describe the overall kinetics of the solid-liquid reaction .mechanism.
They do not consider the effect of localised factors such as surface
prientation, the presence of defects in the solid reactant, impurities
in the liquid, and do not consider either the non-stoichiometry and
general mineralogical changes in the structure of the product layer.
Although such factors are unlikely to be of great importance in a
diffusion controlled reaction, they may significantly affect the rate

of reaction, if it is chemically controlled.

4,1,2 The liquid pure aluminium-silica reaction system - the

experimental results obtained by immersing silica rods of different
diameters in liquid pure aluminium for various lengths of time at
different temperatures are presented in Table 4.1.2.1.; the results

concern the measured values of the thickness of the product layer
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formed, igg, the.diffexéncelBEtWeéﬁ' the original radius of the silica
and the radius of the unreacted silica core after some immersion time t,
and in terms of the function - [1—(1—RX)O“5] . This function was piotted
against time. These plots are presented in Figs. 4.1.2.1. -3, the diameters

of silica rods as follows:

i. Temperature range 760 - 860°C: Figs. 4.1.2.la, b, c, for

respectively 3,0, 5.0 and 10.0 mm in diameter of the

silica rods,

Temperature range 920. - 860°C: Figs. 4.1.2,2a, b, for

=
e
-

respectively 5.0. and 10.0.-mm in diameters of the silica
rods. These plots are presented together with the respective
results obtained from the 8600C experiments for comparative

purposes.

iii. Temperature range 1110. - 1265°C: Figs. 4.1.2.3a, b, c, for

respectively 3.0, 5.0 and 10.0. mm in diameter of the silica

rods.

The standard deviations related to each plot and described in
the items i, ii, iii, above were calculated by means of a least—squares
regression analysis, using the technique presented in Appendix A-4.1.
These standard deviations are indicated in the respective legends of
the plots as well as the straight line equations calculated for the plots.
This manner of representing error will be invariably used for the other

reacting systems involyed in this work.

Inspection of the graphs presented shows that for all the
various diameters of silica rods used in the ranges of temperature
760 - 8600C and 1110. — 12659C, the data obeyed the linear relationship
predicted by equation 4.1.1.1., with only slight deviations from this.
The results obtained from éxperiments carried out at 920 and 980°C, with
two different- diameters of rods, 1i.e. 5.0 and 10.0. mm diameter are
widely scattered. However, repeated experiments at these two temperatures,
although not yielding reproducibility of results, consistently produced
conversion rates which were lower than those obtained at temperature

ranges immediately below this range.
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The slopes of the linear plots shown in Figs. 4.1.2.1. and

4.1.2.3. were calculated and are presented in Table 4.1.2.2. These
values were calculated By means of a least-squares linear regression
analysis, using the technique described in Appendix A-4.1. For repeated
experiments, an average value was taken. The slope of each line
represents the rate of reaction. The results of linear regression
analysis indicated a high degree of correlation with a straight line

relationship.

The calculated yalues of the reaction rate constant K also
presented in Table 4.1.2.2, are plotted as a function of temperature

in Fig. 4.1.2.4. Examination of this graph shows that:

i. 1in the temperature range 760 - 860°C the lines follow a
coherent relations-hip hetween reaction rate and
temperature; the reaction rate exhibits a certain
independence to the diameter of the silica rod. This
may suggest a definitive control for reaction at this
temperature range.

ii. above 860°9C and below 11109C the reaction is decelerated,

with the rate reaching very low-values. This suggests

that in this temperature range either physical effects or

a change in the reaction mechanism may be involved.

iii. in the temperature range 1110° - 12659C the slope of ‘the
curyes again increases and a better correlation is again
obtained. The values of the reaction rate constant
increase with temperature and the line exhibits a similar
shape to that previously observed in the temperature
range 760- - 860°C, even though reaction rates are slower

at first.

The exponential shape of the curves in Fig. 4.1.2.4. for

both. lower and higher temperature intervals, i.e. within
760. to 860°C and within 1110. to 1265°C is indicative of

a strong dependence of the reaction rates on temperature.
In this case the reaction rate would be expected to follow
an Arrhenius type relationship with temperature an given

by:
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k = kb .exp (=E/RT) 4.1.2.1.

- .. C . -
where K . is the reation rate constant Kg.m =~ .sec
‘ko is the proportionality factor for the reaction

system - (frequency factor)

E is the activation energy KJ.mol_1
R is the ideal gas law constant J.deg-_1 .mol
T is tHe absolute temperature K

A comparison of the activation energies of the process using

the data presented in Figs. 4.1.2.1. — 3. is shown in Fig. 4.1.2.5.

Activation energy values were determined from the slope of the lines and

are indicated in Table 4.1.2.2.

The consistency of the values seems to suggest that the
reaction between liquid pure aluﬁinium and vitreous silica involves the
same rate controlling mechanism in both extreme temperature intervals.
However, the positive "slope" of the lines drawn through the results
obtained in the intermediate temperature interval, i.e. at 9200C and at
9800C suggests that physical effects of substantial importance are due
to occur in this interval, thus, provoking a drastic deceleration in the

progress of reaction.

The confirmation that there is a direct proportionality

between the slopes measured from the curves presented in Figs. 4.1.2.1.

and 4.1.2.3. and the reciprocal diameter of the silica rods, as it has

been defined in equation 4.1.1.1. is represented in Fig. 4.1.2.6a, b,

and relate to both extreme temperature intervals.
The relationship graphically represented so far, will be

discussed in Chapter 5. in order to attempt a correlation of kinetic

data.

4.1.3. The aluminium-silicon-silica reaction system - the measured

values of the product layer thickness and the calculated percentage
conversion of the rod at various times of immersion in liquid aluminium-
silicon alloys are presented in Table 4.1.3. The -function

[1 - (l—RX)OWS] , according to equation 4.1.1.1., was plotted

- 52 -



against time for each set of results for 5.0 to 15.0 atomic % 8i at

temperatures and these are respectively shown in Figs. 4.1.3 a, b, C.

The graphs show that the data obeyed the linearity
predicted by equation 4elelels It can also be observed that for any
of the specific concentrations of silicon in the bulk aluminium, the
conversion values were very close to those obtained for pure %iquid
aluminium. This suggests the overall rate of reaction as being
independent of the silicon concentrations in aluminium, at least up to
15 atomic % Si. Therefore, mass transfer of silicon in the molten
metal phase may be eliminated as the controlling step under the

experimental conditions employed in this work.

The relationship with temperature of the measured reaction
rate constant for this reacting system will be introduced in the next
section together with the ones for the aluminium-manganese and

aluminium~iron reacting systems - see Tables 4.1.5 a, b, c.

4elede The aluminium-mangsnese-silica and aluminium-iron-silica

reaction systems -it was believed that the mechanism and hence the

kinetics of the reaction between molten aluminjum and silica might be
affected by the presence of other elements other than silicon
dissolved in the aluminium. For reasons indicated in Chapter 2, it
was then decided that the effect of manganese and iron would be
investigated.

In order to facilitate comparisons with the results
obtained for the liquid pure aluminium-silica reaction system,
experiments were carried out in the temperature range 1110 - 126500.
Alloy compositions of 5,0, 10.0 and 15.0 atomic % of manganese or
iron in aluminium were employed. Examination of the relevant
equilibrium phase diagrams for these alloys in the temperature range
of interest indicates that the alloy composition was above the
liquidus and thus, no precipitation of intermetallic compounds would
take place in the liquid metal during reaction. In all of these

experiments 10.0 mm diameter silica rods were employed.

The results of the experiments carried out with aluminium
alloys containing 5.0, 10.0 and 15.0 atomic % Mn and 5.0, 10.0 and

15.0 atomic % Fe at four different temperatures are presented in
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Tables 4eledel. and 4.1le4.2. respectively._ For each set of
experiments the function [1 - (1-RX)O'5 has been plotted against
time and at temperatures and the results are presented in Figs. 4eledel.

a, b, c and 4.le4¢2. 8, b, ¢ for aluminium-manganese and aluminium-

iron alloys, respectively. Reproducibility of individual experiments
was very good, especially in those carried out at higher temperatures.
Deviations from linearity of some experiments may be explained by
physical defects in the product layer or by compositional non-uniformity
of the liquid aluminium alloy during reaction. The alloy containing
higher concentrations of manganese and or iron at the lower temperature
of the range considered, appeared to require a longer period of time
before reaction commenced. This may be due to the need for some form of
initial nuclei growth control before the coherent progress of reaction

becomes predominant.

The reaction rate constant for each set of experiments
carried out at a particular temperature and composition of aluminium
alloy, i.e. of aluminium-silicon, aluminiumamanganesé and aluminium-
iron alloy was calculated in the same manner as described in section
4.1.2. for the pure aluminium-silica reaction system. This is
presented in Tables 4.,1.5 a, b, ¢ for silicon, mangznese and iron as

the alloying elements, respectively.

The values of the reaction rate constants are plotted as
a function of temperature in Figse. 4.1.5 a, b, ¢ for alloys of

aluminium-silicon, aluminium-manganese and aluminium-iron, respectively,
and they are compared with the values of the reaction rate constant
of the pure aluminium=-silica reaction system treated under identical

thermal conditions as here.

It may be observed from these graphs that the reaction
system aluminium-silicon alloys, and as mentioned earlier, the reaction
rate constant is approximately the same as for the pure aluminium-
silica reaction system, and furthermore, it is independent of the
silicon concentrations in the bulk aluminium at least under the
experimental conditions of this worke On the other hand, however, it
may be also observed that the rate of reaction appears to be dependent
upon the manganese and iron concentrations in the bulk aluminium at
lower temperatures. With the increase of temperature, the values of

the reaction rate constant for both the aluminium-manganese and the
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aluminium-iron alloys increase again and show the tendency to approach

the values for the pure aluminium-silica reaction system.

The shape of these curves for the temperature interval shows
a strong dependence of the reaction rates upon temperature, so that it
would be expected that the reaction rate follows the relationship with
temperature expressed by equation 4.1.2.1, This function is plotted
in Fige 4e¢l.6. Activation energy values were established from the
slopes of the lines and are indicated respectively for aluminium-silicon,

manganese and iron alloys in Tables. 4.1.5 a, b, c.

4ele5e Rotating experiments = all the results presented so far

involved the use of a static silica rod immersed in 1iquid aluminium
and/or in aluminium alloyed with silicon, manganese or iron. The
possibility was considered that the silicon produced by the reaction
might prevent the access of the reacting liquid phase through the solid
reaction product towards the unreacted silica rod. Some experiments
were, therefore, carried out, in which the silica rod 10 mm in
diameter was rotated whilst immersed in liquid pure aluminium and in
liquid aluminium containing 5.0 atomic % Mn or 5.0 atomic % Fe, and at
two different temperatures, i.e. at 1110°C and at 1265°C. The
measured values of the product layer thickness and the calculated
percentage conversion of the rod at various times of immersion are

presented in Table 4.,1.6., and graphically shown in Figs. 4.1.7 a - f,

respectively for pure aluminium and aluminivm-manganese and aluminium-
iron alloys in order to compare results, a reference plot of the

respective static experiments is also introduced.

The obtained results indicate that rotation of the silica
rod during immersion did not produce any considerable change in the
observed rate of reaction. Values of the measured activation energies
presented in Table 4.1.7, being very close to those for similar static
experiments confirm the statement. The logarithmic rate constant
versus the reciprocal absolute temperature has comparatively to similar

static experiments been shown in Fig. 4.1.6,

The similarity to the reacting system, liquid pure aluminium-
vitreous silica, and the consistency of the values of the activation

energy suggest a single rate controlling mechanism for reaction between
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liquid aluminium alloys with different but low concentrations of the
alloying elements silicon, manganese and iron in the bulk aluminium,

at temperatures between 1110 and 1165°C.

In general terms, it might be pointed out that the presence
of alloying elements at least at a concentration not higher than
15 atomic ¢ in the aluminium does not much affect the process. The
extent of reaction over the temperature range is likely to be
governed by kinetic factors. Small deviations from linearity of the
progress of the reaction front towards the end of the process may
most probably be associated with physical phenomena, which can either
accelerate or decelerate the reaction. For instance, craving of the
solid reaction product may occur, therefore, increasing the area of
the unreduced silica rod and thus accelerating the process. On the
other hand, some form of crystallization of the solid reaction product
may result in a decrease of available passages through which the
aluminium may advance to the unreacted surface of the silica rod.
Microstructural evidence presented in section 4*3e illustrates the

basis for these assumptions.

4*2, X-ra.y diffraction analysis.

4.2%]1. Aluminium and silicon - there were no major problems in
obtaining reliable standard x-ray diffraction patterns of these
elements supposedly involved in the reaction as product phases. By
superimposition of the x-ray patterns of reaction specimens and
standard specimens, the diffraction lines of aluminium and silicon
were characterised. The corresponding diffraction data of aluminium
and silicon standards are given in Table 4.2.1., together with ASTM
diffraction data for comparison.

4*%2.2. Polymorphs of alumina - an extreme difficulty was
experienced in estimation of the standard polymorphs of alumina
prepared according to the heat treatment scheme presented in section
5%¥4. The x-ray diffraction patterns obtained had very much line
broadening for some polymorphs, markedly between y and 5-aluminas and
also between ( 8 + 6 ), O0and (k+ O ) -aluminas, giving rise to
overlapping of many reflection lines. This was the major reason why
the heat treatment programme was progressively altered. The best

obtained results were as follows:
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Heat treatments: Obtained phases

1. Gibbsite; 2.5 hours at 550°C *

2. Treatment 1. plus 6.0 hours at 800°C 7* +6

3* Treatment 2. plus 4.0 hours at 850°C ; + 0
4. Treatment 1. plus 2.5 hours at 1000°C e+ k+0)

5x Treatment 1. plus 4.0 hours at 1150°C ax

/* denotes apparently more intensive

characteristic lines/

The corresponding x-ray diffraction data are presented in
Table 4.2.2., together with respective ASTM data for comparison. Even
under the altered firing programme indicated above, the broadening of
characteristic lines among several aluminas could not be eliminated.
This made the prospects for improving the accuracy and specifically
identifying some polymorphs unsuccessful, particularly delta, delta +
theta and theta + kappaaluminas which, in turn, would have been used
as standards. The main difficulty lies in the large number of
simultaneous phases exhibited during firing, when crystallization of
some polymorphs, apparently, either accelerates or retards other
consecutive transformations. It is likely, however, that these trans-
formations follow characteristic sequences, which, .in turn, are time

and temperature dependent.

4*2.3. X-ray analysis of products of reaction between liquid -pure

aluminium and aluminium alloys and vitreous silica.

4.2.3.1. Lower temperature reaction products - the diffraction data
of representative specimens at various temperatures and times are
given in Table 4*2.3., together with aluminium and silicon (standards)
data and alumina polymorphs (standards) data for comparison. The
analysis has shown that apart from silicon and aluminium, both always
present in all specimens, the product layer resulting from reaction at
temperatures within 760 to 860°C consisted of a mixture of alumina
polymorphs, markedly of 0and a-aluminas. It is possible, however, at
these temperatures, other polymorphs such as gamma, delta, theta or a

combination of these were involved as well, but due to considerable
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overlapping of characteristic lines, these aluminas could not be clearly
identified. In this regard, it should be added that line broadening was
further aggravated due to the presence of residual aluminium (not totally
eliminated by acid leaching, Table 3.5.) and/or silicon.

Despite the difficulty of identifying independent polymorphs of
alumina, the d-spacings worked out show the tendency for the theta-alumina
to transform into alpha-alumina with time of reaction. It is likely that
other polymorphs, possibly involved but not identified, also will have been
transformed to alpha via the theta-phase, during reaction. This will be

discussed later.

4,2.3.2. Higher temperature reaction products - the x-ray diffraction

analysis of specimens reacted at two specific temperatures, i.e. at 1110
and 1265°C and corresponding times, as indicated in Table 4.2.3., has
shown, apart from silicon and aluminium, theta and alpha-aluminas as the
only phases present in the reaction product layer. This is evident from
d-spacings worked out from characteristic lines and presented in Table
4.2.3. A duplex structure, consisting of both aluminas, thus is to be’
expected in the structure and this will be further demonst:ated under view
of both optical and electron micrographs. Similar results were obtained,
when silica reacted with aluminium-manganese and aluminium-iron alloys
with different compositions of manganese and iron at different times and
temperatures. This is indicated in Tables 4.2.4.| and 4.2.4.2. for both

elements, respectively.

4.2.3.3. Intermediate temperature reaction products - aluminium, silicon

'and the alumina polymorphs theta, theta+kappa and alpha were identified as
the products of the réaction carried out at 920 and 980°C. The d-spacings
worked out from corresponding lines are presented in Table 4.2.3. It is

possible, hoﬁever, that similar to the lower temperature reactions, other

polymorphs were involved as not all lines were eliminated.

The characteristic x - ray diffraction analysis of reaction
systems has not indicated any silicates present in the product layer

whatsoever. Thermodynamic calculations to confirm fhis evidence will be
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introduced later, in Chapter 5.

4.3. Microstructural examination of the reaction product layer
4.3.1. The pure aluminium - silica reaction system
4.3.1.1. Lower temperature reaction - the reaction products

which developed when the silica rod reacted with liquid aluminium at
temperatures betwwen 760 and 860° C were examined microscopically. The
microstructures which developed in this temperature range did not differ
significantly. A typical macrostructural change in the specimens with time
at temperature is presented in Fig.4.3.1.1., where a sequence of continuous
and symmetric growth of the product layer with increasing time at 860°C
has been selected from the series of experiments with silica rods 5.0 mm
in diameter. Spalling of the unreacted silica at first and then of the
product layer did occur during cooling as a result of large difference in
coefficients of thermal expansion between the silica and the product layer
as a whole.

In view of the observed similarities among the reacting specimens,
therefore, features of various specimens reacted at different temperatures

and times are now described in order to identify:

a) The mechanism of the progressive coversion of silica into
product phases.

b) The correlation of this mechanism with a kinetic model
deduced to explain the reaction between vitreous silica

and liquid aluminium.

(All specimens, here described, are identified in Tables 4.1.2.1. to 4.1.6.)

The beginning of the conversion of silica, when it first came into
contact with liquid aluminium, in the low temperature range, 1s schematically

idealized as follows:
product phases

SiOp
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The reaction started in localized areas on the surface of
the rod with the nucleation and growth of spherical segments, approx-
imately of same Size;'Fig;4;3;l.2. It was observed in all specimens
examined from the initial periods of reaction that some parts of the
interface silica/aluminium did not react at first. With increasing
temperature this effect became less evident. These observations suggest
that the surface film of aluminium oxide on the melt is not normally
drawn down into the liquid when the rod was immersed into it. However,
the possibility that some portions of surface film have incidentally
adhered to the rod at the moment of its immersion and, thus, acted as
a barrier for reaction, cannot be excluded. ‘Fig.4.3.1.3 shows that
later removal of the melt surface film of aluminium oxide adhered to the
rod allowed reaction to start immediately and to progress normally

producing the feature shown in this micrograph.

As the reaction continues, the segments grow laterally,
Fig.4.3.1.4, and impinge on each other to form a continuous reaction
layer, Fig.4.3.1.5:

The segments grow also in the radial sense, i.e. normal to
the receding silica surface; whilsf new segments continue to form.
This growth did not progress noticeably until a continuous layer had

been formed on the periphery of the rod.

The process of formation of segments and their lateral
~growth is promoted by temperature, as previously mentioned. The growth
of a continuous product layer is very fast at the higher temperatures in
the range 76048600C, occurring in only a few minutes, Fig.4.3.1.6. At
this stage of reaction, the alumina formed is not the stable o-phase,
but one of the metastable aluminas, probably G-alumina. With increas-

ing time and, thus, with increasing thickness of the product layer and
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also favoured by the presence of a liquid phase throughout this layer,
polymorphic transformation of aluminas did occur. This will be introd-

uced later in this section.

At intermediate stages of reaction, columnar cells of
alumina are developed associated with the receding surface of silica,
Fig.4.3.1.7. The texture of these columnar cells was beyond the re-
solution of the optical microscope. Therefore, they are shown in the
scanning electron micrographs of different specimens presented in

Figs.4.3.1.8, a-c. It is clear from this evidence that the

columnar alumina growth is of a porous texture.

Some cracking occurred within the produét layer during react-
ion, Fig.4.3.1.9. Large grains of recrystallizing product layer,
shrinkage and porosity, independently or collectively, appear to be
responsible for the crack itself. By cracking, at advanced stages of

reaction, Fig.4.3.1.10, the interface of unreacted silica/product layer

loses its original symmetry and thus aluminium must flow to the vicinity

to the affected area for completion to be achieved.

Further examination of the interface region between the unreacted silica

and the product layer (interaction front) indicates that:

1) It remains parallel to the receding silica surface and it is

usually very regular in thickness, Fig.4.3.1.11. However, as

noted in Fig.4.3.1.12,a, independently of temperature, some

specimens presented an uneven interface between the interaction
front and silica after the beginning of the reaction, when an
aggregate two phase structure protrudes inside the silica and
rapidly encases parts of it. | The extensive precipitation of

primary silicon in the bulk metal, Fig.4.3.1.12.c., indicates a

large outward flow of this element through the product layer. It
is seen that, as a consequence of the general thickening of the
product layer with increasing time, these protrusions spread later-

ally, Fig.4.3.1.12,b. (compare to Fig.4.3.1.4).
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2) ~ It consists of material much finer than the neighbouring coarser

matrix left behind, as the reaction progresses, Fig.4.3.1.11.

When thermal cracking and/or recrystallization occur within the
product layer, these defects act as nucleation centres for the
. formation of a structure similar to that of the actual interaction

front, Fig.4.3.1.13.

3) It is rich insilicon as can be deduced from the light micro-

structural phase seen in the interface region in Fig.4.3.1.14.

This is also shown by the elemental aluminium and silicon dist-
ribution X-ray maps and corresponding line scans that were carried
out across the product layer and reaction'region in a 30mm in diam.

specimen reacted at 760°C for 25 minutes, Fig.4.3.1.15. These

results clearly show the high concentration of silicon which

falls rapidly moving outwards across the interface region and
then falls very much more gradually across the bulk of the product
layer. The concentration of aluminium falls in the corresponding
but opposite way, gradually, moving‘across the product layer and

then, rapidly across .the interface region.

4) It is in intimate contact with the course matrix on one side and
provided spalling did not occur on the silica side, the inter-

action front was bonded to it.

Typically, the fine, complex and, to a certain extent,
unstable interaction front was transformed into the invariably
coarse matrix left behind as the reaction progresses. Throughout
this coarse matrix, and favoured by the columnar growth of alumina,
liguid aluminium-silicon alloy was able to penetrate and always had
access to the interaction region. Due to. the sponge-like character
‘of the alumina formed aé/gnteraction front, the 1liquid is drawn-in,
possibly, by capilliary effect also associated with volume changes.

Fig.4.3.1.16. shows the porous nature of the alumina product layer. An

attempt to observe eutectic alloy or silicon precipitated on cooling
from the liquid within the pores was unsuccessful. The only response
to etching was a decrease in the resolution of the microstructures, as

" 'Fig.4.3.1.17, shows.
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In view of these evidences, the process of reaction for

the lower temperature system is schematically idealized as follows:

Observations indicated that the dimensions of the columnar
alumina and, therefore, the spacing between these varied and that
this variation may be temperature and time-dependent. Although this
relationship was not established at the lower temperature interval
it was confirmed by the microstructures resulting from reaction
in the higher temperature range. The possible effect of this on the

mechanism of reaction is discussed in Chapter 5.
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The x-ray analysis data described in section 4.2.3.1.1
has indicated that 0 and a-aluminas exist in the product layer
possibly together with more less stable phases as well. It has also
been suggested (see section 4.2.3.1.1.) that these metastable
aluminas recrystalize into more stable polymorphs in time
Fig.4.3.1.16. indicates that the product layer is porous, but consists

of a single alumina phase.

It is possible, however, that the existence of different
polymorphs contributes to the recrystallization of the alumina which
was observed to occur during the more advanced stages of the reaction
as shown clearly in Fig.4.3.1.18. Aluminium-silicon alloy was
observed to segregate at the boundaries of these large grains, Fig.4.3.1,19. It
was extremely difficult to examine these boundary regions. Fig.4.3.1.13-
and h3. show the effect of etching and the appearance of these

regions.

4.3.1.1.1.Heat treatment reactions - the reaction potential of the
aluminium retained within the matrix was additionally investigated
by heat treating a specimen 5.0mm in diam. previously reacted at
840°C for 15 minutes. The specimen was placed in a platinum crucible
and heated at 1220°C for seven hours, under an atmosphere of argon.
After cooling, the specimen was repolished with lym diamond paste,
washed in acetone and examined microscopically. The result of this
treatment is shown in Figs.4.3.1.20 a-c. This structure indicates
that residual aluminium in the matrix from the interrupted reaction
at 840°C clearly reacted with the remaining silica to complete the

conversion of this specimen.

The original product layer was partly dried-out of
residual aluminium and has produced a silicon layer at the original
interface prior to heat treatment. Therefore, it is considered that
diffusion of silicon had not occurred beyond this interface. Comp-
arable to the situation described in Fig.4.3.1.12, silicon super-
saturates the remaining aluminium and it precipitates in any structure

defects within the reaction specimen.
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Fig.4.3.1.20,c shows, at higher magnification than
Fig.4.3.1.20,a a portion of the outer limits of the "newly reacted
system". The "old" interaction front recrystallized during the
heat treatment and, due to its intimate contact with the coarser
matrix behind it, produced a continuous layer of silicon. Similar
precipitation of silicon within the original product layer, due to
the depletion of aluminium, can also be observed and this is ill-

ustrated in Figs. 4.3.1.21-23.

The aluminium required for reaction is drawn to the
unreacted silica along existing defects. Fig.4.3.1.21 shows a
pre-existing crack now rich in silicon. Fig.4.3.1.22-23 shows
discontinuous precipitation of silicon in the interior of large
peripheral grains produced during the original reaction. Multi-
plication of precipitated silicon occurs by a branching mechanism
with a corresponding depletion of aluminium in the matrix of the
original reaction product layer. There was no evidence of reaction
between aluminium and/or silicon and the alumina structure. Some
transformation of alumina did occur during heat treatment, the result
of it, possibly, assisting the squeezing out of molten aluminium,
which on cooling solidifies on the alumina as spheres, Fig.4.3.1.24
and 25. This indicates a non-wetting relationship between the

alumina and aluminium and/or silicon or both.

43.1.2. Higher temperature react ion

Fig.4-JM-26.shows the core of a specimen 5.0 ym in diam. completely
reacted in 45 min. at 1170°C. The product phases extend from the
centre through a honeycombe type tunnel texture of recrystallised
alumina like in an arterial system. Before this, the product layer
developed in the same manner as previously presented in the lower
temperature interval : nucleation and lateral impingement of spherical
segments and radial thickening inwardly to the receding silica

surface, Fig. 4.3.1.27-28.
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The developed tunnel structure allows the liquid metal
to penetrate readily and suggesting, thus, a constant potential of
access for the continued progress of reaction. This situation is

schematically idealized as follows:
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Many of the microscopic aspects of the interaction/present identified

in the lower temperature reaction specimens were also evident in the

higher temperature reaction. These are as follows:-
1) The interaction front moves parallel to the receding silica
surface and it is usually regular in thickness. At the begin-

ning of reaction it grows randomly but with thickening of the
product layer it spreads laterally and the usual regularity

is then achieved, Figs. 4.3.1.29., a-c.

2) It consists of material much finer than the coarse matrix left

behind with progress of reaction.
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3) It is composed of two layers Fig.4.3.1.3C.; a darker layer close
to the unreacted silica and a lighter layer on the side of the
coarse matrix. This contrast is very sensitive to etching,
Fig. 4.3.1.29., c. The thickness of the two layers can vary con-

siderably, Fig. 4.3.1 3.

4) Selective coarsening takes place during reaction in the inter-
action front, Figs.4.3.1.3l.,a-b, with some islands of alumina
being formed and where silicon precipitates in a network of
aluminium. Both are in intimate contact with the coarsened
phase and, thus, suggest that this phase is an effective
nucleant for silicon precipitation from the aluminium-silicon
liquid. Elemental aluminium and silicon distribution x-ray
maps and corresponding line-scanning were performed through
the interaction front of a specimen 3.0 mm in diam. reacted at
1220°C for 15 minutes. Fig.4.3.1.32,, and in which coarsening
has taken place. Energy-dispersive micro-analysis of both elem-
ents 1s also indicated in this figure. Despite the large
broadening in the aluminium line-scanning, the decrease of the
overall concentration of this element across the interaction
front can be seen to be very much less than occurs in the
lower temperature product layer - see - Fig.4.3.1.15. The
peaks of the silicon line scanning are attributed to the precip-
itation of this element during coarsening, as can be observed

in the respective x-ray map.

5) The interaction front is in intimate contact with the coarse
matrix on one side and, provided spalling of silica did not

occur, the front was bonded to it, Figs.4.3.1.33, ab.

As earlier indicated in Fig. 4.3.1,3l.,the coarse matrix results from
recrystallization of the fine interaction front, previously formed.
In this coarse matrix a dominant columnar texture of alumina
developed with preferred reaction orientation, that is perpendicular
to the interaction front, Figs.4.3.1.34-36. ; the reaction species

diffuse along these columns. Fig.4.3.1.37. shows a radial distribution
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of silicon along the coarse matrix. This figure is related to
Fig.4.3.1.38. which shows the distribution x-ray maps of silicon

and aluminium in a 3.0mm in diam. specimen reacted at 1110°C for

15 mins. The peaks in the silicon line-scanning are a result of
the inclination of the specimen (~45°) in regard to its radial
position.

Referring to Figs.4.31-.2. and 4.3.1.38. an idealized scheme
for diffusion profile for counter-diffusion of silicon and aluminium
across the interaction front at different temperatures and the

corresponding phase relationships 1is arranged as follows:

Al -isothermal

N line Liquid d
Al . Y
Si-isothermal Liq+
line Lig +Si

Si. Concentration

© ©

distance across the product
layer (interaction front

) @) silica

tncluded) (2) reaction front
(3) diffusion =zone
(4) coarsened matrix
(5) bulk liquid metal

a,b,c,d ... silicon equilibrium
concentration with aluminium H
silicon alloy at 1110, 1170,
1220 and 1265°C, respectively.



This scheme shows that diffusion of aluminium and/or
silicon across the coarse matrix(4) is possible in the 100% liquid
phase region for all concentrations up to the ligquidus. When the
concentrations of silicon exceed those of the liquidus then solid
silicon coexists with the liquid aluminium-silicon phase of a specific
composition. Aluminium is now confined to a part of the structure
which will vary in proportion in relation to the concentrations of
silicon present. This represents a marked decrease in the opportunity
for aluminium diffusion in zone (3). When the concentrations of solid
silicon are still high(2)f the aluminium must diffuse through solid
silicon to promote the reaction and, hence, the aluminium concentration
will vary steeply across the interaction zone (2) . Accordingly, the
solid silicon must be transported in the opposite direction by diff-
usion in the liquid phase to maintain the equilibrium liquidus con-
centra-tion, for example, across section x > c of the isothermic,
interface (3)/(4). At this interface silicon with concentration "c"
is maintained in the liquid phase. The transport of silicon will be
gradual in the ligquid phase present in the coarse matrix from the
liquidus composition of the aluminium-silicon alloy at the interface
(3)/(4) (pointc ) to the aluminium richer composition of the alum-
inium-silicon alloy towards the peripheral regions of the rod. The
morphologies of the product layer resulting from this mechanism of
transport of the reaction species during reaction reflect this sit-
uation, but the proportion of aluminium-silicon products resulted

during cooling has to be taken into account.

Fig.4.3.1.39, shows a cross-section of a specimen 5.0mm
in diam. reacted at 1170°C for 30 min. Selective coarsening has taken
place already within the fine interaction front. As the reaction
proceeded, then islands became incorporated into the external coarse
matrix, Fig.4.3.1 .40. in this a pronounced columnar growth is
observed. Nearest to the interaction front coarsening did occur in
a very irregular manner or more appropriately described as pseudo-
dendritic, Fig . 4.3.1 .41. This indicates a continued removal
of silicon from the external boundary of the interaction front by
dissolving in the ligquid aluminium and leading to the formation of

pores. The liquid aluminium-silicon alloy then formed must have the
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composition given by the liquidus line on the silicon rich side

of the aluminium-silicon phase diagram - see latter scheme - and
according to Fig.4.3.1 .39 it varies progressively (decrease of

silicon) across the radial section of the specimen. However, without
changing the volume of the previously formed reaction products, some
disturbances associated to physical effects such as agglomeration of
the alumina cells, Fig.4.3.1.42 ,a-c, or to local thermodynamic non-
equilibrium due to temperature gradients at interaction front*, causes
effective alterations in the distribution of silicon in the metallic
matrix and towards the peripheral regions of the rod. Additionally,
small disturbances in the symmetry of the recrystallizing phases within
the product layer occur and pools of liquid phase can form.
Fig.4.3.1.43,ac shows dendritic growth of aluminium close to the outer

periphery of the product layer in such a pool.

Fig.4.3.1.4 4, which corresponds to Fig.4.3.1 .39 (heightb)
shows, at higher magnification, circular colonies of alumina particles.
The associated distribution of silicon and aluminium-silicon alloy
to this is seen under better resolution in Fig.4.3.1.45, which
corresponds to the specimen described in Fig.4.3.1 29,C before etching.
Accordingly pools of silicon-rich aluminium-silicon alloy have been
formed during reaction and thus on cooling precipitation of silicon
has occurred within the cells of alumina. The electron micrographs
presented in Fig.4.3.1.46 fa show this and Fig.4.3.1.46 ,b shows an

example of alumina cells grown in the colonies.

The decrease of silicon concentration in the aluminium-
silicon alloy towards the periphery of the rod allows the liquid to
reach eutectic composition which in turn, during cooling, solidifies
in a more regular manner as presented in Fig.4.3.1.47 . At the periphery
of the reaction layer the alloy concentrations reach the hypoeutectic
regions of the binary aluminium-silicon system and the structure is
mostly saturated with aluminium, Fig.4.3.1.48 * where primary aluminium

is in evidence.

*Heat loss 1s due to occur vertically along the transparent silica rod
immersed into the aluminium. In some later experiments carried out
with a full length of silicon rod along the reactor, an increase in
temperature (~80 C) was observed on the top horizontal surface of
the rod. Explanation for this lies on the physical principle of
transmission of infra red radiation along the transparent rod.
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Under the circumstance that the silicon concentration in
the aluminium silicon alloy decreases as the reaction progresses, only
small amounts of this element should escape into the bulk liquid metal.

As a result of this, Fig. 4.3.1.49 aluminium dendritic regions is

formed with silicon precipitated as silicon-aluminium eutectic in the

interdendritic regions.

4.3,1.3 Reaction at intermediate temperatures — at temperatures 920°C

and 980°C the reaction was discontinuous and its rate, as previously shown
in section 4.1.2, drops drastically and reproducible results could not be
obtained. Fig. 4.3.1.50, a shows an area of a specimen 5.0mm in diam.
reacted at 920°C for 30 minutes. The integge of unreacted silica/product

layer presented at higher magnification in Figs. 4.3.1.50, b—c is developed

in an unusual way with continuous impingement of small spherical segments
protruding inside the silica. Each segment appears to act as nuclei for

a columnar structural growth.

Original traves of the interaction front can be recognised
by the cracks running normal to the silica surface and by the segments

surrounded by a different phase.

The interface of unreacted silica/product layer developed in
a similar way in a specimen 10mm in diam. reacted at 920°C for 90 min.,

Fig. 4.3.1.51, and where the columnar type of the coarse matrix is retained

in a elongated and orderly manner.

The microstructure presented in Fig. 4.3.1.52 shows a

specimen 5.0mm in diam. reacted at 980°C for 90 min. Growth of
large grains has taken place; aluminium-silicon alloy was observed to

segregate at boundaries. Segregation of a similar alloy occurred in
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further extension towards the unreacted silica which was unusually
close to this surface, silicon was laréely precipitated and for the
rapid advance of the reaction front, silicon becomes dispersed behind
it, in the coarse matrix. A view of the morphology of this area is

presented in Fig.4.3.1.53.

The striking feature observed at this temperature, i.e.
at 980°C, in some random specimens 5.0 and 1Omm in diam. and reacted
at different times was the formation of cubes (and/or cuboids) on the
surface of the fine interaction front and to which they seem to be

associated, Figs.4.3.l1.54,a-c.

Since X-ray analysis did not indicate y-alumina (which
is cubic spinel type of aluminium oxide or defective spinel type -
see section 2.3;1.2) present in specimens reacted at intermediate
temperatures, an account for the clibic phase must be related to some
other intermediate phase than pure alumina polymorph only. Any
attempt to establish relationships between the geometrical shape of
the particleé (cubes or cuboids) and temperature, time and the radius

of the reacting rod was unsuccessful.

4.3.2 The aluminium alloys-=silica reaction systems

4.3.2.1 The aluminium/silicon-silica reaction system - the micro-

structures developed by immersing silica rods into liquid aluminium-
silicon alloys with silicon concentrations varying from 5 to 15 atomic
percent were similar to those of pure aluminium and were equivalent.

at both temperature and time. Fig.4.3.2.1,a-b shows a cross section

++ of a specimen reacted for 15 min. at 1220°c. The silicon concentrat-
ion was 10 atomic %. The similar double layer of fine phases are
present close to the unreacted silica and the coarse matrix is develop-
ed in the usual columnar texture with the metallic phase dispersed
within it. In this reaction system, and according to the binary

phase aluminium~silicon equilibrium diagram, shown in Fig.2.l and

these temperatures and compositions of the liquid alloy of up to

15 atomic % of silicon, the liquid phase is capable of dissolving

more and more silicon without affecting (inhibiting) the progress of
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reaction whatsoever. This indicates that the reaction progresses
independently of the initial concentrations of silicon in liquid

aluminium at least up to 15 atomic % of silicon.

4.3.2.2 The aluminium/iron and the aluminium/manganese-silica

reaction systems - Fig.4.3.2.2 shows an advanced stage of

the reaction between silica and aluminium alloyed with 5 atomic %
iron at 1170°c. The reaction progressed symmetrically with a
pronounced'columnaf growth of the product layer radiating roughly
perpendicular from the clearly defined interaction front. These
columns show that the metallic phase transporting the reacting
species is continuous up to the reaction front. This growth texture
of the product layer was present in all specimens examined at the
various times and temperatures in the range of temperatures studied
and was related to any compositions of either iron or manganese
added to the aluminium. Fig.4.3.2.3.shows a cross-secticn of a
specimen reacted at 1265°Cq The aluminium contained 15 atomic %
manganese.

The interaction froét shows similar characteristics
to those previously described for the pure aluminium-silica reaction
"system : it forms parallel to the receding surface of silica and it is
normally regular in overall thickness; it is fine, but can be composed
of differences in the thickness of the contrasting zones present,
"Fig.4.3.2.4. There is evidence of some variations in the. layer with
selective coarsening occurring within it during reaction, Fig.4.3.2.5,

a-b.

Elemental distribution X-ray maps and corresponding line-~
scanning were performed through the reaction front of some specimens
of-the aluminium~-iron silica and aluminium-manganese-silica reaction
systems with different initial compositions of the liquid alloy.

These results are presented in Figs.4.3.2.6, a-d, Energy

dispersive microanalysis of the elements involved is also indicated

in these results.

On the basis of these obtained results a scheme of the
counter~diffusion of silicon and aluminium in the presence of con-
centrations of iron (or manganese)} at different temperatures and

the corresponding phase relationships may be arranged as indicated



further.

Data for the trend in the variation of the liquidus is
taken from the aluminium rich end of the aluminium-iron (and alum-
inium-manganese) binary systems, Figs.2.7-8. It is also taken from the
silicon rich end of the silicon-iron and silicon-manganese systems 92,
together with data from the aiuminium-iron-silicon and aluminium-

manganese-silicon, Figs.2.9-10 and ref.no.80.

The construction has been confined to the liquidus for the
systems studied as this is the relationship involved in the reaction
mechanism. Detailed comparison of the effect of the various concen-
trations will be described later in section 5.1.3.3.2 but the reaction

system is schematically illustrated as follows:

Al - isothermal
line

Si. isothermal

line
Lig +Al
Liq +Si
CL 9
Fe.Mn 0at% J
s5at °/o | pe or (vn
10 at /o
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Fe, or Mn
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J5at % Fe.Mn \\ Si. Concentration

10 at% Fe.Mn
/115 at% Fe.Mn

.. CEREEXD

distance across the product

. . (1) silica
layer, interaction front .
ineluded (2) reaction front
: (3) diffusion front
(4) coarsened matrix
(5) bulk ligquid metal

a,b,c,d... silicon equilibrium concentration
with aluminium-silicon alloy
at temperatures.
d*d1ll silicon equilibrium concentrations
with aluminium-iron (or manganese)
-silicon alloy at liquidus
temperature.
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The scheme for manganese present would be very similar

on examination of the phase diagrams.

This scheme shows that counter-diffusion of aluminium

and silicon across the coarse matrix (4) in a liquid phase is again

possible. The comparison to the pure aluminium-silica reaction syst-

em, of the aluminium-iron (or manganese)-silicon liquid phase regions
for all concentrations of silicon up to the liguidus is such that
similarity must exist except in that the total concentration of al-
uminium and silicon is reduced by the presence of iron and/or mang-

. anese. At concentrations of silicon above those of the liquidus
vthe liquid alloy and the solid silicon phases of a specific ébmp-

- osition coexist and the aluminium and silicon concentrations will
vary only as a consequence of the change in proportion of solid
silicon plus liquid phase. Therefore, aluminium fast diffusion
through zone (4) will decrease atross zone (3) as the proportion
of liquid phase changes. Across this zone the alloy components will
also be partitioned by the diffusion of iron dissolved in the
aluminium thus restrictingthe presence of solid silicon. Consequently,
iron concentrates in the liquid phase and effectively has reduced the

.solubility'of silicon in the matrix, thereby rgducing rates of

‘diffusion of silicon and aluminium.

At the interface (3)/(2), the local equilibrium of
iron activity is achieved'practically instantaneously and, hence,
the aluminium concentration will vary steeply across the reaction
zone (2), although in a rate inferior to that when aluminium was

pure, since the mobility of silicon has also been lowered.

This proportion of aluminium-iron (or manganese)-silicon
products resulted during cooling must also be taken into account
for explaining the resulted microstructures developed in the coarse
matrix, Fig.4.3.2.3 has shown the coarsened region recrystallised
behind the interaction front as the reaction progressed. This
indicates the continued removal of the product silicon from the inter-
action front towards the peripheral regions of the rod and, as earlier

mentioned, with a gradual decrease in concentration.



The dissolution process is, however, slow and dependent
on the iron (or manganese) content in the liquid alloy, for example,
from point d' to point d" at température. In any case, silicon
will ultimately form a ternary liquid phase alloy which composition
lays in the near vicinity of the eutectic (ternary - point E). The
typical result of this is the formation of deep eutectic valleys as
indicated by the electron micrographs of various specimens shown

in Figs.4.3.2.7, a—e .




5. DISCUSSION

5.1. Kinetic studies of the pure liquid aluminium -~ solid silica
reaction system- :

5.1.1. Introduction

1 The mechanism for the reaction between silica and/or silicates
-and pure aluminium and its alloys has been investigated by many workers
from diverse technological fields, e.g; steelmakiné, aluminium processing,
aluminigm fibre reinforcement. ' Unfortunately, the complexity of the
reaction mechanism, combined with the effect of differing experimental
conditions, has led to'conflicting conclusions regarding the nature of
the rate controlling process. To date there has been no single quant-

~ itative inteipretation'which correlates the results of all investigators

in all fields.

The purpose of thi§ investigation was to-develop an experimental
) technique by which intefaction of pure gilica with iiquid aluminium and
certain of its alloys,-coula be studied.‘ From the resul£s obtained, it
was intended that a quantitative model would be developed which might be
usea to produce a unified interpretation of the results of other invest-

igations into this reaction system.

'Thg experimental investigation of high‘temperature reaction
systems is inherently difficult and often the ?recise inteipretation of
‘quantitative ‘data is limited by the accuracy oﬁ‘theimeasurements made.
The apparatus ahd techniques devisea for this particular investigation
have already been described in Chapter 3 and, as emphasised in this
sectién; every effort was made to reduce -experimental errors to an ab-
solute minimum. The errors arising in this work may be ascribed to the
three parameters béing quantitatively monitored in every expériment,

namely: -~
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) .;(i) The duratién of contact between the silica
AN N . N ' .
rod and the molten metal.
(ii) The measurement of the thickness of the

. product layer.

(iii) The temperature of the reaction system.

In comparison with thé iatter two parameters, the error
incurred in the measurement of the contact time betweeﬂ the siiica rod
and the melt was probably small. An experiment commencea when the
silica rod was introduced into the liquid aluminium and was terminated
by withdrawal of the partially reacted rod into the cooier regions of
the.furnaEe ﬁ;be, The rate of coolingwas considered to be suffiéiently
rapid that, reiative to the total time of contact, the extent of
reaction after reﬁoval from the-melﬁ would be negligibly small.

/

~The measurement of the thickness of the reaction proauct layef
is perhaps the most obvioﬁs source of error, especially for shorter
reaction times. In the earlier stages of the reaction, the product
layer consisted of a number of segmeﬁts distributed‘around the periphery
of the specimén,'rather thén a éémpiete anular ring. The radial thickness
of the reactéd segments could vary by as much as flS% and consequently in
.order—to minimise this as a pbssible source of error, the mean of a total of
32 measurements was taken, unreacted sections of the>surface being
ignored (seé Section 3.4.l1.) As a source of error, however, this rapidly
diminished as reaction proceeded, since once a complete anular ring of
reaction product had formed, the further progress of.the reaction front

appeared to occur much more "smoothly", producing a much more uniform

thickness of reaction product.
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. Every effort was made in the design of the experimental
appar;tus to reduce the effect of teméerature variations on the resuits
obtained (Section 3.1.1.). The crucible containing the liquid
alﬁminium was supported within a cylindrical steel pedestal of
rélatively large thermal mass and shielded from the furnace tube by a
'rédiation shield, both measures beiné intended to minimise.temperature
fluctuations within the reaction syétém; The principal source of error
~ is probably derivea from the transparency of fused silica to infra-red
radiation. It is possible that thé silica rod may act as a "fibre optic"
path forAthermal radiation, producing an enhanced cooling effect when
inserted iﬁto the melt. The magnitude of this effect‘is virtually
impossible to assess. By surrounding the reaction crucible with a body
of large thefmal.masé, combined with the high the;mal conductivity of
liguid aluminium, it was expectéd that this effect would be reduced to a
ninimum. The possible implications of this phenomenon with respect to

the reaction mechanisms will be discussed in more detail in Section 5.1.3.1.

It is clearly impossible to make a realistic estimate of the
overall error which might havé been incurred in the experimental measure-
.ments_made. Wherevér possible measures have been taken to minimise all
sources of error and the "clqsé fit" of much of the data to a linear
relationship has béen taken as an indication of the effectivéhess with

which this has been achieved.

5.1.2. The rate of reaction

The reduction of silica by molten aluminium is somewhat unusual
in that the rate of this process shows a significént drop in the tempera-
ture range 880°C to 1050°C. This is clearly shown in Figure 4.1.2.4,
which shows the variation in the apparent reaction rate constant, k, for

-the process over the entire range of temperatures investigated in this work.
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The apparent reaction rate constant, k, has been determined
using equation (4.1.1l.1l.). The derivation of this relationship is as

follows. The overall rate of reaction may be defined by the generalised

expression,
{aw
- 510, ) = k.a 5.1.1.
cyl
at

where W is the mass of the reactant SiO, and .A_ is the area over which the

2

réagtion is taking place, i.e. it is the area of the unreacted silica rod.

If ri is the-radius of this rod and, therefore, of the reaction interface,

then:
sio. = Psio - 5 A = omr1l
2 2 i 7 eyl : i~
"thgs,
dWSj_Oz , -ar, _
- = = Pasn *2Mr.l. —= = k.2m.r..1l
at 510, i at iv
“which gives: _ B
dr ,
- - Po:n i =k
S:LQZ_ T ~ . _5.1’.2.

t = 0 ceeeee. T, = X

= - k dt




which gives:

IN . . P P

o r, , .
1 - 2= —F= : . ~ 5.1.3.
X
(o]

2
2
R = ro2 - gi = 1 - rl
X T
r 2 le]
o
So, r%, = (1 - Rx)o' and equation (5.1.3.) can be written as:
ro
e
~ Xt
- 1-a-r)%% ~ X
, Psio. " ©

2

?

A plot ofi[i - (1 - Rx)0'5] agéinst, t, should yield a straight
line,‘the value of k, be%ng obtainable from the gradient of the line.

The data introduced in Section 4.1.2. has been plotted in this way and it
can be seen that straight ;ine relationships are obtained (Figures 4.1.2.1.
and 4.1;2.3.),_ For each set of results, the best straigﬁt line has been
oﬁtained by regfession analysis and both the régression equation and the
standard deviation have been presented with the appropriate figure. In
all cases a high degree of statistical correlation wiﬁh a straight line
relationship is observed. The .slopes of these straight lines have been

used to determine the values of k shown in Figure 4.1.2.4.

. : 0.5

Experimentally determined linear plots of [1 - (1 - Rx) ]
against t for reaction cylinders have in the past been taken to indicate
the validity of expression (5.1.1.) and that k is the rate constant for

some rate controlling step that occurs at the reaction interface.
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Recently, however, a number of workers65,'86 have shown, theoretically,

\ ’
that this is not so. For a reacting cylinder, [ - (l - Rx)o'%]varies
almost linearly with time, whatever the reaction mechanism. The linear
plots and the calculated values of k are, however, a convenient means of

representing the rate of the reaction, and therefore in this capacity

they will continue to be used in this work.

Thus, Figure 4.1.2.4. shows that the reaction rate risgs
rapiéiy'with témperature until about 8800C,‘when it drops drastically.

. If is not until &lOSOOC that the reacfion rate starts again to increasé
consistently with temperature and temperatures in excess of ®1250°C must
be reached‘before the rate established at 8600C is surpassed.

" .Any heterogeneous reaction wiil involve a number of different
steps, especially if one'reéctant and one product are solids. The fluid
reactanté must be brought to the reaction region‘by transport processes
such as diffusion and convection and the fluid products removed. The

actual reaction region will involve a chemical reaction step aﬁd often
somé solid-state diffusion process as well;

Each of these steps will have an in;rinsic rate: - the rate at
which it would occur if the other steps were so fast as to provide no
limit to the overall reaction rate. In fact, of course, the overall
reaction will qccur at the rate of the step or steps Qifh the lowest

intrinsic rate or rates.

The rates at which the steps occur vary with temperature,
always increasing as the temperature increases, but not necessarily to
the same extent. Thus the step with the slowest intrinsic rate at one

temperature, and therefore the rate determining step at that temperature,
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can speed up as the temperature increases more than the other steps.

LN N .
At a higher temperature, then, another step in the reaction becomes rate

controlling and the characteristics of the reaction undergo a change.

This tyée of behaviour occurs when the overall reaction rate
increases Qith temperature, and.is not the type of behaviour that can
explain the variation of reaction rates with temperature shoﬁn in
Fi§.4.l.2.4. Since rates of the individual ;eaction steps alﬁays increase
with‘temperature,la drop in reaction rate can only occur if a new step is
introduced into the reaction sequence, due to factors that'are not kinetic;
In order to egamine what this step'might be, the other steps in the
reaction sequence must be examined,

At the reaction front, aluminium reacts With silica to produce

g
alumina and silicon:

4 a2l + 3 5102 = 2 A1203 + ‘3 Ssi

'The aluminium is liquid in the temperature range of interest but the
silicon is solid. The silicon éan bnly.be removed from. the reaction region
after-dissolving in the molten aluminium to form a liquid aluminium -

- silicon alloyf The coﬁposition of this alloy will be inen by the liquidus

line on the silicon xich side.of the aluminium;silicon eqﬁilibriuh“phase

diagram shown iﬁ Fig.2.1l. Thus the reactant aluminium is provided for the
reaction and>the product silicon'removed by counter-current diffusion
through the liquid aluminium-silicon élloy in the péres of the product

layer and in the boundary layer formed by convection outside the cylindrical

rod.
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.- Within the reaction zone, reacting silica and product alumina
A . [ .
together with solid silicoh, liquid aluminiun-siliconalloy and any inter-

N + . : L
mediate phases which may occur will all be present at the same moment.

Processes occurring in the reaction zone will thus include:

= the decomposition of the solid silica;

- the formation of solid silicon and alumina;

- the dissolution of solid silicon in‘theb |
molten aluminium—silicoﬂ alloy;

.= the formation and decomposition of any inter-

mediate phases that may form.
s ; '

There is no way of determining a priori the intrinsic rates at which any
of these processes occur, but it is possible to estimate the rates at
which the aluminium and the silicon counter diffuse through the porous

product layer.

For the counter-diffusion of aluminium and silicon within a

liquid alloy, Fick's first law can be written in the form:

* .
_ _ ac,, - * v
Isi = "CpPsi/a1 ail + (JSi o+ 7 Al) c | >.1.4.

However, the fluxes of silicon and aluminium are linked by the stoichiometry

of the reaction:

= _ 4
Ja1 = 3.

Al 15.1.5.

Tsg

+ '
" Free energy studies to evidenciate possible intermediate phases
involved in the reaction system will be introduced later in this

Chapter.
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So that,_qquation (5.1.4.) can be rearranged as:
o e h

3ck

J.. = =-C_.D_, . SiA(_ _‘_I_)J..*, :
Si T sl/A_; S\l - o3 Tsicg 5.1.6.
>
or: .
’ : . a * .
s o Srlsim1i L% 5.1.7.
Si 4\ % ox: o
1- (1- —) c |
o 37.78i '

T The significance of some of the symbols used in the equations

- may be more easily understood by reference to the following diagram:

reaction front
~(Liquidus composition)

(These symbols are defined in Appendix A-5.1.)

A similar equation exists for the flux of aluminium.

Equation (5.1;7.) can be integrated by defining a new variable

+.
YSi' where Ysi.ls given by :

-4
Y =fln[-<l—§

Si
-

)] * . o
Csi | ~ 5.1.8.

NEIFN
S——

+ - .
. 'For a variable Z = Y(C*) and if C* = F(X), the transformation Z = ¥(X)
then becomgs: S;-= = 3
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so that equation (5.1.7) becomes:

N ‘ : aYS. v,
o= . i :
Iy CoPsi /a1 S 5.1.9.

This equation will apply within the liquid surrounding the reacting
silica rod and in the pores of .the product layer. It cannot, in itself

be integrated within the pores because their geometry cannot be spec-

ified. Diffusion through porous materials is normally treated, however,

by defining an effective diffusion coefficient which can be.related to
the entire spacé occupied by the éolid and the pores; This effective'
diffusion coefficient is given by:

.D
- Y 'si/Al
Psi/a1 eft. T 5.1.10.
where # is the porosity of the solid product layer and is the fraction of

the entire space available to the diffusion process,‘T’is called the

tortuosity factor and is included since the actual diffusion flux cannot

follow a straight path directly across the entire space but is constrained
by the presence of the solid forming the pores to follow a tortuous and

therefore, a longer path.

For an assemblage of randomly directed pores, the average path
length must, by Pythagoras, be yﬁf times the straight-through path.
Thus tortuosity factors are therefore, of the order of 1.4 for a system of

randomly orientated pores.

Equation (5.1.9) can be written for diffusion within the porous

solid as: .
SYS
L

T3 = 7 Ope (Dsi/Al)eff.  rai , 5.1.11.
In order to assess the rates at which the aluminium/siiicon
" counter~diffusion process takes place and its importance in controlling
the reaction,.. the use of equations (5.1.9) and 5.1.11.) becomes necess-

ary to determine a hypothetical effective rate constant, defined by
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equation (5.1.3.), for the first 75% of the reaction (i.e. until
ri/r; = 0.5) and assuming the counter-diffusicn step to be the slowest

and'therefore, rate controlling step.

A

Figure 5.1.1 shows a cross section of a reacting silica rod
at a stage in the reaction. Counter-diffusion within the liquid alloy
_in the porous prodﬁct layér (alumina) can be analysed by integrating
. equation (5.1.11.) across the porous product layer from r, to r. As long
as r. lies in the range ro > ri > O.Sro, the average value of the gradient

aYSi/ 9 x across the cylindrical shell is almost identical to its value
1

 halfway acrosé'the shell; i.e. at the radius {2 (ri + ro)] . Thus the
/integration of equation (5.1.11.) can be carried out to give¥*:
. w[ro - xj
! Is1 = G - (Psi/a1) efs. - 1{?[51-}'31_]' : [(Ys;)i‘ —<YSi)o:l >-1.12.
where jsi is the molar f;ow of silicon per unit height of the cylinaer;
(YS.>i is to be calculated from the molg fraction of silicon in the
liguid alloy in the reaction zoné by usind equation (5.1.8.). Since the
reaction zone contains solid silicon, this mole fraction will be equal to
the liquidus composition at the particular température being considered.
({YSi)o ts to be calculated frém the composition of the alloy at the outer
surface of>the porous‘prpduct layerjwhich is not known. Howevef,-analysis
- of the mass convecticn procésses occurrinéiin the liquid surrounding the
specimen can be elaborated, by assuming, ﬁhat diffusibh occurs through a
thih'stagnant layer of liquid surropnding the specimen, the thickness of
this layer being represented by §. With this aséumption, the integration

of equation (5.1.9.) gives:

*Elementary texts on Heat Transfer or Diffusion87 show that the error
resulting from the use of this equation only rises to be greater than

4% when ri is smaller than 0.5ro.
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js; = ¢y - (DSi{Aé) eff .[kYSi) o .;‘(YSii}b 5.1.13.

where (Ysi)B is the mole fraction of silicon in the bulk molten alloy

in the reacting crucible. The quotient (DSi/Al) efg/% is more norm-

ally written as a mass transfer coefficient (xSi/Al' so that equation
(5.1.13.) becomes: '
- . - .C . & Y\_ _(Y. ] .1.14.
Jgs 2T ry CT Si/Al[( Si) o Sl) b 5.1.14

Eliminating(YSi) o between equations (5.1.12.) and (5.1.14.) gives:

| Cp . [(YSi )i - (Ys; ) b]

1 : (r -r.) . 5.1.15.
_ : i

si -
(e}

+
; D,.. .
21Tro'u§i/Al m(x + ri)[ 51/Al]eff.

" The silicon removed by the process described by equation (5.1.15.) is

liberated from the moving reaction front; so it can be written:

. dr; c '
Jgg = -2 .. 3% 8102 5.1.16,v ]
Thus, eliminating jSi' gives:
r, ' 2r . (r. - r. ' -
i + i ( i rl) : dri = CT [(YSi) i (YSi)b]
o" %si/al (2o +7) [Pgiymi] ees |98 Csio,
5.1.17

This equation can be simplified before it is integrated. The value of
d%i/Al is unknown, since it depends on thé concentration and velocity
field within the molten aluminium in the crucible. For the moment, the

definition of the Sherwood number88 will merely be used:-
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sh = ¢¢.d/ D 4 = _ ~ 5.1.18

Therefore,

= Sh. /2r° -5.1.19.

* si/n1 [DSi/Al] eff.

Using this equation and equation (5.1.10.), gives equation (5.1.17.) as:

{Z.r* + [Z.r*.(l—i*) ._IBQE* - - DSi/Al'CT[(YSi) i _(YSi)b]

= :
Sh (L+x*) ' vildt r2 . c.
. O SJ.O2 .
5.1.20.
where r*= ri
r
o

Integratlng equatlon (5.1.20.) over the period t 5 i.e. the time it

would take the reaction interface to move from (ri=ro) to (ri=0.5), gives:

0.5 Y
2.r% ; 2.T (2-r* - ;*%L—-) ar = -Psi/aress Cr[¥si)i - Feidn] fous
sn Y : ; :
l.0 ‘ Yo ° C8102
5.1.21.
or , ‘ 10
2y 2.7’[2r§.2§_21n(r*+1)] (DSJ./Al eff’ T[ )b] .5
sh Y ' 05 2 .c.,
o 3102
5.1.22.
which gives
(g /n1) ere-Cf¥s) i~ Fos 1) to.5 _0.75 +0.10T 5.1.23.
;g Ces " "sh i
0 * TSiosp
0.75 | T 2
or . (sn +0.10 Y). ¥, * S0,
05 =
Ogs/aesss O [Fsils = Fsily) 5.1.24

Comparing equation (5.1.24) with equation (5.1.3.), for r, = 0.5 r

gives the hypothetical apparent rate constant as:
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(Dsi/Al),efff'Cw,[(¥Si?i “_(YSi)b] “sio,
k= —m — 5.1.25.
(-—-—-Sh -+ .0.'.'?.. .._,Y_.) .I'O-
. . N . , , ‘PSioz
where M_,  is the relative molecular mass of silica C_, =
Sioy _ sio, M_,
, ) _ . 2 8102

Values of k can be calculated at different temperatures and compared with

the,valuesidetermined experimentally.

- The micrographs presented elsewhere in section 4.3 show that
columnar type éells tend £o form in the product layer which suggests
a low value bf’the tértuosity factor T: about T = 1.1 would seem to be
A appropriate. Thevdata.in séction 4;1.1Aéhows that the radius of a
reacted rod shrin#shby no more than 2%.. This means that the volume
occupiéd by the porous proauct 1ayer (aiumin;) is some 4% léss4than that
occupied by the silica-from which itvwas formed. 'Sincé the theoretical

reduction in volumeis]9,l%'ﬂuaporosity of the product alumina must be

about 15%.

' Barinovas, has measured the diffusion coefficient of silicon

in molten aluminium, and quotes the followingequation from his results:

(DSi/Al)eff | = 2.0 x 103 exp - {21.78 kJ.mol‘l) 5.1.26
‘ 2 -1 ' RT ’
- /em”.sec T/

" The above data has been usea to caiéulate the h"pothetiéal rate constant
k for cylinders 5.0mm in‘radius on. the assumptipn that fhe molten alum-
- inium in the crucible is so well stirred that Sh =+ o .V'The details 6f
these calculations are gi&en in Appendix A.5.2. and‘the resulting values

“are shown by the dotted line in Fig.5.1.2.
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The line shons that the hypothetical rate constants calculated from
equation (5. 1 25) on the aesumptlon that the reaction is controlled by
1iqnid phase diffusion processes ‘are of the same order as those measured
experimentally. Thus; it .can be concluded that these diffusion processes

-do play a part in controlling the rateof the reaction in the.low temper-

¢ - ature region. .

5.1.3 . 'The reaction mechanisns

t15.1.3.l"The‘low:temperature'mechanism

Since the experimentalvcnrve.in Fig.4.1.2.4. increases more
-rapidly witb,temperature thanvtbat deternined from diffusion theory, a
_“chemical step" at. the reaction front is very likely to be an additional
-factor. The activation energy for such a. step will be higher Lhan that for
- liquid phase diffusion (see values in Table 4.1.2.2.), so its intrinsic
.reaction rate will'increase more.rapidly with temperature. Thus, as the
‘3temperature rises,‘the reaction front step will play a lesser and lesser
-role in deternining the reaction rate, allowing the actual rate to approach
x.the»rate predicted considexring liquid phase diffusion alone. Thus, the

- actual rate will increase more rapidly with temperature than the diffusion

based rate, as is-found to be the case.

A furtherifactor.tenas to corroborate the snggestionftbat the
ireaction‘front step'becomes less dominant as the temperature rises.
;’Equation (5.1.3.) has been used to calculate the eﬁperimental values of
~ the constant“k.p If this equation éoes apply, these values of k'will nat-
“urally be independent of the size of the rod. Examination of Fig.5.1.2.

shows.that thepthree values of k determined from the experimental results
~ obtained at 760°c forithe three different sized rods are, in fact, virt-

--ually the same, whereas'the values determined for 860°C differ.
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< kﬁdwever, the values at 860°c}show a puzzling relationship with
the;sizevof the rod specimené. If, as is suggested by the similarity
- between thélexpe¥iﬁentai-and calculated valués at 860°C, liquid phase
diffusion was to be the dominant rate controlling process at 860°C, the
'experimental-valuesﬁof kﬁsﬁould agreevwith equation (5.1.25.). This
eqﬁétion suggests that the valués of k would vary invéisely with the
specimen iadius wheréas the lowéét values at 860°C were obfained for the
smallest rods. ”Thisjis'neitﬁef to bé expécted on tﬁe basis of reaction
'interfaée coﬁfrél,vnor liquid phase diffusion éontrdi.

.IﬁibalculatingAthe:diffusion thedry values of k; it was

~assumed fhat:the molten aluminium wés.sufficiéntly weli stirred for thg
Sherwood hﬁmbefH(Sh),?to be ver§~iarge.. If @his were.not.to be the case,

the term involving the Sherwood number would contribute to the equation

and reduce the Valuevof.k.

.Thevliquid alﬁminium in the crucible is'ﬁot stirred mechanically
‘in the idw ﬁemperatﬁré‘expériments but byucénvecfién. | Silica is virtu-
ally transparenf ﬁo inffa—red radiation, so tﬁét the inseffion of a
*Asilica.ro&.ihtoAthe<éiuminium.bath will exert a.considerable cooling
“effect. ééction 4.3;2.1. has madé reference to the observafion that con-
nsiderablé.ﬁeat‘flows aléng complete rods inserted frbm the top of the
. reactor inté the crucible;.'Whereas the rods used in most of thé experi-
ments were shoffer and were supported‘fromAwithin the reactor, considerable
-temperature'differeﬁcés exiéted along them (~80°C) and they would provide
a "fibre‘opﬁic“ type path for thermal radiation from within the aluminium

bath;

The heat radiated along the silica rods in this way, would have

.to be provided by thermal conduction and convection from within the alum-
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inium bath; éstablishing differeﬁces in., temperature between the bathl

as a.whole and the surface of the éilica»rod. These temperature diff-
erenées wouhibroauce natural convection flows within the bath and it is
thé;e flowélfhai ﬁoﬁld.deﬁermine fhe value of the Shérwood number of
the masé ttansfer of.silicon wifhin the liquid. The larger the heat
~1ossvalong the silica rod, the iarger wbuld be the.temperature differences,
-convectionAflows and Shérwood number. It is 1o§ica1, therefore, thét
the relative iotéﬁion rates such .as éhose up to 35,ipm wouid exert o
alteration tb thé ggnefal dynamic character of the reaction, since how
.otherwiselweie tﬁe.rates of reaction of rofating experimehts equivalent
to those 6f ééﬁeriments.dérried outvunder assuméd static conditions and’

with any reaction‘system involved.

The thermal radiation flow along tﬁe roa will increase very rap-
idly witﬁ it's size.' In the first place, the cross séctional area of
.the rod increases with:the square of the radius, wﬁereas the surface of
the réd receiving heaf from the bath.inéreases with a somewhat lowérv
powér. Furfﬁermore;ltﬁe transfer éf rédiant.heat dépends upon geometrié
Viéw‘factors which will be much greéter for a 10 mm diameter r¥od immersed
- .for 20 .mm into the bath than qu a 3 mm diameter rod also immérsed 20 mm.
" Thus the temperature'differencés producéd in the bath by the insertion
. of the longer rods will be much greatér than those produced byvthe Smaller'
rods. This meaﬁs thatithe'inténsity'with which thermally induced naﬁural
co'nvectioﬁ flows stir the aluminium in the’crucible -wilvl increase very

rapidly with the size of the rod specimens.

It is for this reason that afvery'large value of the Sherwood
. number was used in calculating the k values for the 10 mm diameter rod

from equation. (5.1:25.). The samereésdning suggests that the value of
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the[Shérwb;d number will decrease with'tﬁe size of the rod increasing
the contribution-it ﬁakes to the divisor in equation (5.1.25.). The

cogtribution té the-reactidn step made by'convection in the aluminium
igithe bath 6ould'thus explaih the relationship of reactibn rate wifh

- specimen size ‘found at860°C.-

Thus a likely picture emerges of the .reaction mechanism at
- temperatures below 880°C- ‘Three processes can .contribute to controlling

- the. reaction rate: .

- mass convection. within the aluminium bath;

HEE

‘liéuid phase couhfer diffuéion of silicon
'andﬁaluminium within the porous product

1éye£ faluminé);

[ - some steé at the reaction front - eithér tﬁe
‘formation of‘the solid silicon and alumina from
.the silica, or the dissoiutioﬁ of the sﬁlid éilicon

“in the liquidus alloy.

Eithe; of these.processes piay,a lesser or greater role depending on the
temperature or specimen (rod) diameter. In particular, the rélative

. importance of theAreaction ffont step diminishes as the .temperature rises
since its_intrinsic rate increase more rapidly than the intrinsic rates
~of the chef reactions. This is emphasised by the change of the silicon

concentration in the liquidus alloy with rise in temperature.

For none of these processes can it be assumed that the intrinsic
- rate will fall as the temperature rises above ~880°C and certainly not

~enough to explain theobserved five or six~fold fall in the reaction rate.
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Clearly some additional process or procésses must intrude into the
reaction mechanism and for reasons that are not due to the kinetics of
the various processes involved in the lower temperature reaction. Such

additional processes can be associated with volume changes as indicated

by the cracking in the microstructures.

5.1.3.2.?:High'temperature'mechahism

". Thériété'qf reaction drops drastically abo&e ~880°C and starts
'4to riSe'agaiﬁuabové ~105006;.asA§;eérly shown in fig.4.l.2.4. It then
follows. an ekpéﬂénfiél.trendvés predicted by .the relationship between k
‘ahd temperaﬁurééivThe”microétructures pféduced at higher'temperatures-
(from 1110 to 126500)‘and presented elsewhere in section 4.3.2, show the
elongated (columnar) tybe of alumina cells pf&duced in the coarsebproduct
layer. Thé micréétructureé have also shoWn a fine and, to some extent,
unstable double layer‘reéctionrfront which in turn transforms into thé
coarse mé£rixvas the réactiénvﬁxogreéges (Fig.4.3.1.31a). This evidence
is consistenf ﬁith tﬁe obsérved changé in-reaétion rate'at high temper-
atqres compared to thé reaction rate below BSOOC. The sihtering which
has occurred 5ehihdthé.teaction'froﬁt has resulted in densification and
shrinkage of-the alumin; phasé; This has allowed radiél paths to be
maintained'for the ingrés§>6f é;uminium and .the counter—flowvof silicon
.dissolved»fromithe reaction’;hterface. Hence the rate of reacﬁion is
.governed by‘the area of'radiai access which muét be less than the effective
area in the porbus unsintered matrix produced at low temperatures invthe
" reaction layer. 'It_is unlikely from the results that any other event
is makiné a significant contribution to the rate of réaction at high

temperatures (>llOO°C).
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J.Th; féaction mechanism is thereforé,-controlled by the transport of
the métallic éhase t§ the inner reaction layers. The double léyer‘effect
has‘been produced at the reaction front pfior to the onset of sintering.
Theldevelopment of éoarsening progressively occurs as the reaction proceeds
(Fig.4.3.1.30). As the sinteriné rate of the alumina increases with.
temperature so the pore network becomes more fuliy developed (see p.66)

and the reaction rate increases.

"The transitional events in the intermediate temperature range dram-
atically change’the'réte of ‘reaction and, as shown by Figure 4.3.1.54,
additional product phases have been detected. This is discussed in

/
Section 5.1.3.4.

Since the conditions for- the liquia aluminium in the c;ucible were
. the same as forAthe l§wer'tempeiature reaction, i.e. without mechanical
stirring, the same “fibre dptic" type path for therﬁal radiation from
w;thin the fused silica rod may be expected to occur. thus exerting a
cooling effect during reaction. These temperature gradients.lproduce
natural convection flows (Sh o ) within the aluminium and partly érovide
means for silicon transfer across the porous product layer. This mugt be
.postul;ted in order to accomplish an. account for the relationship between
‘the cénstant k and the’size of the rod. As for the iower temperature |
~ reaction the experimentai'values of k would be expeéted to vary inversely
with the diamefer’of the rod according to equation (5.1.25.). However,
the lowest values at 1265°C wexre obtained fof the smallest rods. Mass
convection within the aluminium bath must therefore, be assumed to contﬁi-

bute to the reaction mechanism and again its importance will be temper-

ature and specimen (rod) size—dependent.
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Sqliq state diffusion of aluminium across the solid silicon formed
in the ;eaction zone must also be invol;ed in the reaétion mechanism,
since.how otherwise will the aluminium be available to react with the
silica. This solid state diffusion step cannot in itself be rate control-
liﬁg since the .length of the diffusion path through the.silicon will always
be adjusted by the relatiﬁe rates of formation and dissolution of silicon
for the solid state diffusion step to occur at any rate required by the
remainder of the reaction schéme. An aluminium reaction potential grad-

ient will exist across the solia silicon, the relative activities of alum-
inium ahd silicon in contact with the silica and alumina being such as to
satisfy the eqﬁilibri;m conditions for.the'reaction involved. As the
feaction progresses silicop»must diésoive»intg the liquid aluminium-
/silicon alloy, the specific composition peing_given by the liquidus line.
;n view of the,iateral morphology of the product lafer ;nd consequently
éf the interaction front fhe aluminium does not need to diffuse through

' the entire width of this front since it can move readilj thréugh silicoﬁ

to the receding silica surface via the fissures maintained in the product

layer.

s

The micrographs presented elsewhere in section 4T3'2' particularly
in Fig:4.3.2.6. illustrate these effects. Accordingly the aluminium
reaction gradient through solid siiicon and the volume change between
.alumina and silica lead to the transformation of the reaction front with

a marked growth texture as generally observed.

5.1.3.3. Effects of silicon, iron and manganese added to the

aluminium on the mechanism of reaction

5.1.3.3.1. The aluminium-silicon alloys - silica reaction systems -
‘The results presented in Fig.4.1.5.a have shown that the relation-

ship between the rate of reaction and temperature is the same as for the
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’alumkﬁium—éilica reaction syétem. This.relatioﬁship is independent of
‘the:éoncentration of silicon in the starting liquid metal at least up
to,;S atomic pefcent of siliconf The liquid phase presents the same
idéﬁtiCal potential as pure liguid aluminium, the reaction will thus

be constrained by the.dissolution of silicon in the liquidus alloy at

the interface of the reaction frbnt/coarse matrix. This‘is a satigfactory
'explahation for the linear increase in thickness of the product layer

with ﬁime as previously demonstrated in sections 4.1.3., 4.3.2.1 and

5.1.3.

-

For the same reasons'discussed earlier for the pure aluminium-
silica reaction system, diffusion of aluminium across solid silicon in
fthe reaction front must also ‘take place with an aluminium reaction potent-

.

%al gradient existing between the two interfaces. Thereby, once'equil—
ibrium conditions are satisfied by the activity ratio between aluminium
and silicon, other reactions such as the intermediate step described by

equation (5.1.27) may thus be involved.

5}1,3.3.2. The aluminium-manganese and aluminium-iron alloys -

‘silica reaction systems

As clearly shown in Figs. 4.1.5, b-c, the rates of reaction rise
grédually with temperatuie, the reaction being slightly faster with iron
present than.with‘manganesé. The explanation for this must lie on the
thermbdynamic-activity dependence of the reaction on the conceﬁtratioﬁ of
iron and manganése in the system and its effect on the counter-diffusing
silicon and aluminium in the liquid phase through the columnated reaction“
product layer. In any case, both manganese énd iron will attain local
thermodynamié equilibrium thus effectively reduciné the solubility of sil-
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icon and therefore, reducing the rate éﬁ the reaction in proportion to the
concentration of these élementskdissolved in the liquid aluminium—silicon
élloy. The gquilibrium concentrationAis first attaihed at the inte;face,
'wheié the fine interaction front is selectively coarsened. Because liquid
‘ aluminium is the solute for iron and manganese, where equilibfium with
solid silicon is attained the aluminium concentration will drop. This has

previously been schematically suggested in section 4.3.2.2.

"As mentioned earlier, due to the continued dissolution of silicon
into the liquid alloy,,therelis>also a variation in the silicon concentration
between the saFurated and the non-saturated liquid phase. The liquidus
line for thé biﬁéry aluminium-siiicoh phase diagfam represents the satur-
ation composition at a’particular'temperature. The effect of different
concentrations of iron or.manganese'pn'this liquid l;ne are discussed in
sectioh 4.3.2.2. ana the.diagramS‘preseﬁtéd in Figs. 5.1;4. and 5. show
the effect on the saturated concentration in the ﬁempératﬁre range studied.
It is clear from thése diagrams that the solubility of silicon in the.liquid
phasé increases with increasing temperatufe and decreasing concentration
of the third element, ie.iron or manganese. The raté of dissolution, accord-
ing to equation (5.1.13) would be proportional to the raﬁe of diffusion of
silicogvawayAfrom fhe interface down the silicon concentration gradient.
Since a linear groﬁth of the product léyer was observed and since the morp-
hology did not changé significanfly either with temperatur or time of react-
ion, it may be proposea that neither iron nor manganese concentrations

affect the overéll ﬁechanism of the reaction, only the rate.

5.1.3.4. The intermediate temperature reaction

As has been shown in fhe results there is a temperature range from
approximatély_BGO to,lOOOoc where the reaction rate is‘indeterminate.and

inconsistent behaviour was obtained from repeat experiments.
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Howeyer: éﬂe reaction sometimes prdceedéd'to completion but the predom-
inant feature of‘the reaction éxperiments was for the reaction to "arrest"
at some stage. Microscopic examination of the samples has revealed

N .
various features but no explanation based on the evidence obtained has

been possible and consequently the reasons for the scattered results are

not known.

Several. types of reactions have been postulated by many invest-
igators to be participating, in one wéy or another, in the overall mech-
anism of the rxeaction between liquid aluminium and silica. These react-

ions were earlier introduced during the bibliographic review of pertinent

-works in the field and may be listed as follows:

3 -1

1. Sioé % 2310 = AL,0; + Si0 A® = ~997.0 + 221 x 10731 kg mol
2. 4 Al + 35i0, = 2A1,0, + 3Si AG° = ~7é7;o.+ 144 3.10—3T kJ mo1 ™t
3. Al + 8i0 =AlO + Si ., A® = 165.0 -6.7 x 10T " kI ol T
4. 4 Al + Si0, = 2210 + si © A® = 483.0 284 x 10—3T' kJ mol T
5.2 Al + $i0, = AL,0 + Si0 A® = 520.0 -278 x 00T k3 mol L
6. Si + Si0, = 2 Si0 : AP = 575.0 -272 x 10°T  kJ mol T
7. 4 Al + Bl 0, = 3 AlL,0 _ Ac® = 1104.0 -497 x 10737 k3 mo1™t
8. AL O, + 2 8i= ALO + 2316 A¢° = 1196.0 -486 x.10_3T k3 mo1 "t
9. Al + A12d3 = 3 alo A = 173400 -éoo x 10737 13 mo1 "t
= 4 AlO AG® = 1948.0 -501 x 10 °T kJ mol

19. A1203 +.5120

The Gibbs free energy equations for these reaction as a function
of temperature in the range iOOO to i600 K were calculated by using data
from references 3,91.92. For elementai‘aluminium and silica as the start-
ing reacting species the only reaction thermo-dynamically favourablg

(AG° < 0 ; 1000<T<1600 K) is reaction No.2.
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; Since elemental silicon and aluminium were detected every-
A ) .

whére within the reaétion érodﬁct'layér and since nd'experimental evi-
dén;e_emerged to ﬁerify»thé'existende or the.stability of the sub-oxides
of silicon and aluminiuﬁ} ﬁhere is thus no-éllowance for séecuiations

té be made for reéction No.l, although by célculationé,‘this reagtion

is thérmodynamically morevfavoﬁrablé than reéction No.2. Therefore the

formation of gaseous sub-oxides such as Al_O, AlO and/or Sio shouid be

2
'~ discarded as efféctive sbeciés takingbpaft in the mechanism of the

. reaction.

"Howevef,”Figs.¢4.3;l454 é?c have clearly shown a crystalline
dense cubic phase precipitatedlin fhé near viéiniﬁy of the unreacted
silica,»i.é. within‘the reactipn front at 980°C. The EDAX'picture
deteéting silicon énd aluminium in the cﬁbés leads to the>conclusion
that_an'intermediate phase is formed. .It has not 5eeh possible‘to :
eiucidatgythis phase and it is somewhat speculative to postulate that
it is a basis for a mechanism as it wéé not readily déﬁeéted and wasynot'
preseﬁt in all sampies examined.

Chékrab;ftyag'fouﬁd tﬁat dﬁring the alkaii éxtraction of 8102
at 98900, apart ffmmaﬁorghoussiliéa, a cfystalline cubic pﬁase coﬁld
ﬁﬁe formed at all'silica/alumina‘ratioé. This‘was charaéterized és silica-

alumina spinel with the same compbsition as mullite (3 A1203.28i02) and
remained in intimate contact with the alumina during heating.
It if is assumed that the cubes presented in Figs. 4.3.1.54 b or ¢

- are of the same species as the ones identified by Chakraborty, then the

additional process in the reéction:system must be expressed‘as followsgo:
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> 3(3 Al,0,.2 5i0,) + 8 AL, ~> 13 A1,0, + 6 Si

Alai/sit 510, 2%3 1/s 2%3 AL/Si
spinel .. A = -1417.3 +0.62 T
additional_step : : ‘ '/kJ.molnl/

~Thevéquilibrium'conétant for this additional step is given by:

13 6

a «a ., )
k= AL05 8l g
©d- 3 8 ~

a_ . . a
splne} AlAl/Si

Since the spinel and A1203 are pﬁré, théir activities are unity.
Hence:‘ - _
, . a3-
k= _ Shi/si

K
AlAl/Si'

An identical equation is obtained for the equilibrium constant for the

2 =A3A1203 + 3 Si, and thus values for the

equilibrium constaﬁts’bf both processes may be calculated for a given

reaction 4 Al + 3 SiO

interval of temperatures (1000 to 1600 K). The subsequent comparison is
- shown in Fig. 5.1.3.~kThe-detéilé of these calculations are given in

Appendix'A—5.3. . : ‘ ' - -

¥~Fig; 5.1.3. sths a.cfiticai temperature of an approximate
value of 1062°C at the intersection of béth stability lines. Above this
temperétureAaluminium will be required'to decompoée the spinel phésé and
if theqonéentfatioﬁof aluminium is eliminated then clearly the SPinel

phase will remain.

The other‘possible traﬁSition(s) in this temperature range are
associated with thepdlymdiphsof aluminé as discussed in Chapter 2,

section 2.3. It is péssible that the volume changes associated with poly-
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morphic transitions of the alumina from)@xénd 6 to 0 in this inter-
nediate temperature range‘Qili ;ffeégfthe com?actness of the reaction
layers formed. At higher temperaturés whén sintering takes place
tdgether with thg formation of the o form §f alumina, shrinkage occurs
and cracké form allowing écceés of the aluminium or aiuminium alloy to

the silica interface.

The incidence of'thé'éubib phase as detected is limited and
élthough it méy have some sigﬁificanée in affecting the surface area
of the ‘active' interface it cannot be evidenced to postulate the arrest

of the reaction in the intermédiafé tempéraﬁure rahge.

The considerable differences in the'réte of reaction in this
intermediate zone can only-réasonably fherefore be atfributed to physical
restraint of the countérflows of the éluminiﬁm required for the reac£ion
to Eontinué and the solution of silicon metal produced at the interface,

the oxides being reféined as the prdduct layer.

In the absence of.confirmatory data from x-fay stﬁdies it is
~somewhat spéculative to p&oposé fhéApolymbrpbic change in the alumina as
being reduction rate controlling in this range, but it must be cﬁnsidered
as one of the mdst likely explanations.f The theoretical evaluation of
mullite formation (or preiiminafy defect spinel) aithough feasible, and
1ikely eQidenqe for which has beeh foﬁnd (Fig; 4.3.1.54 b and c), cannot
be definitive as high concentrations;,WOﬁldvbe neceséary at the reaction
interface to influence the kinetiés of £he process. No evidgncerf‘the

" high cénéehtrations which would be required to suppress the reaction

has been observed. It must also be remeﬁberea that the reaction front'is

advancing with respect to time and a étepped reaction rate would be likely
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- for the reéction to continue. The’resqltant barrier layers which Qould
have had to be breached to allow more ingress of liquid aluminium should
have been.a prominent feature of‘ﬁhe ﬁicféstructure.but were in fact
,tdéally absént. No evidence of such a mécﬁanism has therefore, been

found at the temperatures where the anomalous behaviour occurred.

The mechanism iﬁ this range of temperatures 860-1060°C requires

further investigation to test the hypothésis presented here.

5.2 Practical implications

At the.outsef of the work,it was envisaged that the invest-
igation wouldfﬁake a contribution to knowledge of the potential for
further reaction in steels of residual aluminium with silicate inclusions.
This work hasvsh§wn» énd, in é certain way, confirmed that if aluminium
as deoxidant is.added to'liquid steel, the reaétion potential of alum-
inium is such £hat.it will reduce the pre—exiéting inclusions whenever
silica is involved. v 6thér sources than the deoxidéf;on (or reoxidation)
brocess itself,.such as slég entrainment and refractory erosion which
‘take place cduring the fabrica%ioﬁ cf sfeel,Atapping end teeming proéesses,
can also.be reéponsible for tﬁé existence of silicate inclusions in the
metallic bath. It isvthought_that this type of reéétién can also occur
in'th; solid ingot during'heat treatment'to the detriment 6fvan aluminium
refined grain metal structure; for example, at Qrain boundaries and
defect sites. EVentually,'on the metal side of‘the interface of the

silica rich (or vitreous) inclusion/metal, aluminium segregates and, in

turn, it will react with the in¢lusion.

However,'the concentrations involved in steels are so dis-
similar to those used in the present work that it is not appropriate to

speculaté in this field.
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. \Ih other ways the work represents a significant appraisal'Of

\ »
reaction mechanisms likely to be of importance in aluminium processing

and silica fibre reinforced aluminium.

A

5.2.1. Aluminiﬁm'processing

\

Consistently molten aluminium, particularly when required of
high purity, runs the risk of contamination as a result of reacting with
silica and silicates, used as fﬁ:nace linings or even thermocouple .

sheaths(93). This work has underlined the need to avoid the use of

silica ér silicaté materials -in contact with the molten aluminium if
siliéon contamination of the melt is to-be.avoided. Interestingly the
reaction will.be severe at the normal holding temperature but if the
fempérature of .themolten aluminium was raised to lOOOOC then contamination
feems less likely. "It is however, worth noting this facf as it would no£
be logical in the normal course of industrial practice. Obviously it is

not practicable or desirable to consider such a superheat of aluminium

during its processihg particularly in the light of energy requirements.

5.2.2'Silica fibre reinforced aluminium

.During the'lastitwo decades there has been periodic interes£ in
the étrengthening of aluminium by fibre reinforcément with silica. Whilst
there is-little ioad transfer when the combosite is elastically deformed
at room temperature, because the elastic moduli of aluminium and silica
" are so similar, at elevated temperatures, the lower coefficieht bf elast-
icity of the silica does'give'rise to appreciable load transfer to the
étrqng'silica fibres. Another practical advantage of the system is that
, the aluminium is strengthened and the density is reduced.by the silica

additions.
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qu techniqﬁes have been developed for the fabricatioﬁ of
aluminium—silicé fibre composites.‘ Tﬁe molten aluminium Qr_aluminium
alloy may be simply infiltrafedbbetween the silica fibres and allowed té
sélidify. An(altérnative‘technique has been developed:by Rolis?Royce(So)
'in which newly dréwn fibres are pre-coated by passing them céhtinuously
_ ﬁfthrough a bead of molten aluﬁinium, sémetimes containing sméll additions
of antimony or bismufh to control the chemical reaction between the
silj:ca and the aluminium. Fabrication is,byj.‘:hotpres.sing of sﬁ:_Ltably aligned
coated fibres. -

P

In‘éll fibré refinforced systéms, the achievement of adequate .

. bonding at the fibré-matrix interface is a éompfémise. There‘must be
sufficient‘affinity,between fibre and matfik to.ensure‘at leas£ some
mechanicél keying»so that load transfer can occﬁr; Too great an affinity
between the components, as is the case with‘algminium and silica, can
lead to thermal degrédation. Chemiqal intgraction of the aluminium aﬁd

- .silica at elevated temperatures produces severe d;terioration in the
mechanical properties, probably as a iesﬁltvof volume changes occuriing
in the reaction zone leading to crack formation and thereby initiéting

'premature failure.

If §p£imum‘mechanical properties are to be achieved and retained
-throughout service life of the component; it_is.impexative to minimise
chemical intexéction between the fibre and the matrix both during fab-
rication and auring service. Clearly important practical conclusions can
be drawn from the present work. The existence of a reaction rate minima
* in the temperéfure range 880—105000 might prove useful in limitiﬁg fibre-
liquid interaction during.the fabrication process. In addition it would
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appear that dilution of the aluminium by alloying elements such as mang-
. . .

anese, iron and silicon would certainly further reduce.liquid—fibre

reaction and might also improve the resistance to solid state chemical

reaction between the fibrevand fhe matrix. Unfortunately it would appear

inikely that there yill be‘apy practical opportunityjto test the useful-

nesslbf these suégestions since commercial intereét in aluminium-silica

{Ebre composite materials as an engineering material has waned in recent

years.

107



6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER INVESTIGATIONS

The exﬁerimental techniqué dé&eloped to determine the rates
9f the reaction between liquia aluminium‘and-vitreous silica at
temperatures of bractical importance was very satisfactory. The results
show that aluminium as a stroﬁg deoxidant readily reacts with silica
allowing it to be postulétea that a similar reaction must occur during
deoxidation practice of steelmaking, where secondary reactions take

place between pre—existing silicate inclusions and dissolved aluminium.

The mechanism for these reactions has been clearly identified
- at temperatures below 860°C. The reaction is almost entirely diffusion
controlled and maintained by transport of aluminium and silicon across

the poroﬁs matrix. The porosity of the maﬁiix is derived from the’

volume changes occurring during reaction.

Above ~880°C the process:is abruétiy discontinued and further
progress éf reactionvis conditioned by a mechanism not fully elucidated
but the polyﬁorﬁhs of alﬁminaandtme'fo:mation of a spinel type phasé
contribute. It is only as high as ~1050°C that the.rate of reaction
is graduallf recovered by fissure formation as a resulﬁ éf siﬁferingv
of the alumina phase and a consequent.variation in the mechanism of
reactiqn. The process is pfobably controiled by thé transport of
aiuminium to the interactiéh-front and 1imited.by the saturated liquidus

alloy present at the interface.

Additions of silicon up to 15 atomic percent to the liquid

aluminium does not affect thé'rate of reaction whatsoever. Local equil-
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ibrium of iron and manganese concentrations effectively reduces the
solubility of silicon in the liquid metal phase, thereby reducing rates
of counter-diffusion of silicon and aluminium and brings about a prop-

ortional reduction in the rate of reaction.

This wdrk has not been exhaustive in its treatment of the

reaction between liqqid alumihium aqd“vitreous silica. Fer instance,

Jit woﬁld be of interest. if the intercellular alumina spaciné aleng the
reaction product layer were‘measﬁred for temperature and time conditions.
With increasing temperature, the transport of siliconvalong the coarse
matrix wiil become mere impoftant.than its passage through the inter-
action front. A detailed_etudy ef the porosity and tortuosity factors
would give means for solving exact equations in order to prescribe the

flux of aluminium 'in porous cells of alumina. The mechanism in the

| . ‘
intermediate temperature range 860-106000 must be evaluated conclusively.

The compositiogegradieht of silicen[ graduélly dissolved in -
the liquid-phase( fer temperature and time conditione, needs more study
to elucidate more fullythe aluminium and silicon counﬁer-diffusion fluc-
tuatiohs in the reaction front. A more detailed interpretation of the
behaviour of the interaction front at various tiees and temperetures
could lead to a model deseribing the_érpgrese of reaction. This is

notably absent from the literature at present.'

The inhibiting effect of the increasing concentrations of.bofh
menganese or iron on aluminium may be attributed to the diminishing
thermo-dynamic driving force behind the reaction,Awhen aluminium is no
longer the pure reacting agent. Avaiiable,information concerning the
effect of elements such as manganese and ifon on the thermo-dynamic
ectivity of_liquid aluminium, when reacting‘with silica (and/or silicates),

should be further investigated by more experimental work.
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26 41
Table 2.1. - Nomenclature of transition aluminas.’

Great Britain Usa Germany France
delta gamma gamma gamma
delta + theta delta delta delta
gamma eta eta eta
theta theta theta
iota

chi + gamma chi chi chi + gamma

kappa + theta kappa kappa kappa + delta
alpha alpha alpha alpha



Table 3.1. Some chemical and physical propverties of the

materials used in the preliminary experiments.

Protective

inert gas

(Commercial argon, BOC)
purity/mass %/ : 99.999
flow rate/cm3/min/ : = 150

Aluminium

(British A£Z.Co)

chemical analysis/mass %/; A£-99.998; Fe-0.0005;
' $i-0.0005; Cu-0.0005

mass/g/: 35.0 - 40.0

Silfﬁa rods

(Vitreosil - R) _

Spectrographic analysis/mass 7 of oxides, mainly
Fe203/: 0.03

optical character: transparent (dense, non-porous)

preliminary heat treatment: annealing in air at

1280°C for several hours.

Crucibles

(Purox Recrystallized alumina): H : D = 40:30 mm

T-2




Table 3*2» Outline of the preliminary experimental programme

Diameter of the rod Temperature Immersion time

mm
°c min

3.0 760 0.5 - 30
815 o. B Bo

840 1.0 - 25

860 1.0 - 15

5.0 760 °o . ©
815 1.0 - 40

840 1.0 - 30

860 1.0 - 30

920 5.0 - 90

980 10.0 - 120

10.0 760 2.0 - 60
815 2.0 - 60

840 1.0 - 45

860 1.0 - 45

920 10.0 - 120

980 15.0 - 120



Table 3.3 : Outline of fabrication procedures and some characteristics of

metallic starting and produced materials.

Fabrication of alloys

Metals used:

Aluminium/Super pure, Brit. AZ, Co/chem. composition/mass 7%/:
Af-99.998; Fe-0.0005; Si-0.0005; Cu-0.0005

Manganese/electrolytic, Midgley, Sheffield/chem. composition/mass 7%/:
' Mn-99.99; Fe-0.008

Iron/Japanese electrolytic, Derby and Co. Ltd./chem. composition/mass 7%/:
Cu-0.004; Fe-99.9; C-0.005; P-0.004; S—0.005; Si-0.005; Mn-0.005

Silicon/Watsons, "Metallurgists", Dronfield/chem. composition/mass %/:
Si-98.0; Fe-0.4; Ca-0.2; AL-0.3

Mass per cast of each fabricated alloy/kg/: 4.0

Desired chemical composition/mass 7%/

Ap-5; 10; 15 atomic % Mn: 9.68; 18.45; 26.4 mass %, respectively
Ag=5; 10; 15 atomic % Fe: 9.83; 18.54; 26.8 mass %, respectively
Ag-5; 10; 15 atomic % Si: 5.23; 10.44; 15.6 mass %,. respectively

Crucibles used:

Thermax G 10
Chem. composition/mass 7%/: 8102-1.8; FeO-1.3; A£203-10.0; Ca0-2.0;
Magnesite - 84.6

Pure magnesia

Protective argon during melting/comm. purity Ar, BOC/cmB/min/: 1500 - 2000

/cont....




eee conte/Table 3.3.

Pouring temperature/OC/:‘ AZ - Mn alloys - 1050 - 1150
‘Al - Fe alloys - 1050 - 1150
AL - Si alloys - 900 - 1000

Liquid metal poured into cold water

Actual chemical analysis of aluminiumalloys fabricated

Alloys: A£-5; 10; 15 .atomic % Mn
Method: atomic absorption/stan.instr.conditions cit.in ref.81
chemical analysis/mass Z/: 9.52; 18.73; 24.28, respectively.

Af-5; 10; 15 atomic % Fe
Method: atomic absorption/stan.instr.conditions cit.in ref.81

chemical analysis/mass %/: 9.90; 18.80; 27.21, respectively.
AL-5; 10; 15 atomic % Si
Method: Gravimetric Regelsberger.

chemical analysis/mass 7Z/: 5.4; 10.2; 15.8, respectively.
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with pure aluminium and aiuminium-mangsnese, iron,

silicon alloys at elevated temperatures.

letal system pometer of | |Temperature | TERSTSION
mm oc min

1110 2.5 - 60
AP 3.0/static/ 1170 5 - 30
1220 2.5 - 20
1265 ~ 15
1110 10 - 90
5.0/static/ 1170 - 45
1220 - 30
1265 - 15
1110 20 -180
10.0/static/ 1170 10 - 90
1220 10 - 60
1265 2 -~ 25
10.0/ rotatingj 1170 10 - 90
rpm = 5,15,35 1265 2 =20
, 1110 30 -180
Ag-5 atomic 10.0/static/ 1170 -120
% Mn 1220 5 =60
1265 2 - 35
10.0/zotatingj 1170 -120
rpm = 5,15,35 1265 5 =35
. o 1110 30 =240
AL-10 atomic | 10.0/static/ 1170 15 =210
% Mo 1220 10 -150
1265 5 =75
_ , 1110 45 =240
AL-15 atomic | 10.0/static/ 1170 30 -210
% Mn 1220 20 ~-180
1265 10 - 90
1110 20 =210
Al-5 atomic 10.0/static/ 1170 25 =120
% Fe 1220 5 - 60
1265 5 - 30

T-6
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esscont./ Table 3.4.

Temperature of |Temperature| Immersion
Hetal System . |4 silica rod. time
mm °c min
AL-5 atomic 10.0 1170 5 =120
% Fe /rotating/ 1265 5 ~45
rpm=5,15,35 ‘
Ag-10 atomic 10.0 1110 . 15 =270
% Fe /static/ 1170 15 =240
1220 10 -120
1265 5 =715
AR-15 atomic 10.0 1110 20 -240
% Pe /static/ 1170 45 =~210
1220 20 -180
1265 5 =120
Ag-5 atomic 10.0 1110 10 -180
% Si /static/ | 1170 5 =90
1220 10 =60
1265 2 =30
Af-10 atomic 10.0 1110 10 -180
% Si /static/ 1170 5 =15
1220 4 =45
1265 5 =30
Ag-15 atomic 10.0 1110 10 -180
% Si /static/ | 1170 10 -60
1220 5 =45
1265 5 =25
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Table 3.5. Etching (and leaching) solutions used for specimens to

be submitted to x-ray diffraction analysis and optical

and Scanning —electron microscope (SHM) examination

X~ray diffraction analysis

aluminium

aluminium-manganese
and aluminium iron alloys

C. 5 ml (40%) hydrofluoric acid +
+ 10 ml conec. hydrochloric acid +
+ 15 ml conc, nitric acid +

Metal to be eitched Etchant Time( )
A. 5 ml (40%) hydrofluoric
acid + 95 ml distilled water 10 min
aluminium-silicon alloys | B. 10 ml sodium hydroxide +
+ 90 ml distilled water 15 min
A as above 5 min

+ 70 ml distilled water 15 min
SEM - examination
Metal to be etched Etchant Time
Aluminium A (as above) 3 min
aluminium~-silicon alloys B (as above) 5 min
A (as above) 2 min
aluminium-manganese
and aluminium~iron alloys A (as above) 3 min
6 % bromine alcohol 12 min
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Table 4.1.2.1. Experimental results: the kinetics of reaction between
liquid pure aluminium and vitreous silica.

Diameter of the silica rod: 3.0 mm

Temperature Immersion Product layer Percentage

time thickness conversion
t° t Ar = ro - r*:‘L 1-(1-Hx)°-5
°C min mm I
760 0.5 0.01 0.67
1. 0.02 1.55
2. 0.04 2.67
5. 0.08 5.55
5. 0.09 6.00
7. 0.11 7.55
10. 0.15 10.00
15. 0.21 14.00
20. 0.27 18.00
25. 0.55 22.00
25 0.55 25.55
50. 0.38 25.55
50. 0.59 26.00
°c min mm %
815 0.5 0.05 2.00
1. 0.05 5.55
5. 0.25 16.67
5. 0.22 14.67
5. 0.23 15.55
' 10. 0.45 50.00
10. 0.42 28.00
10. 0.43 28.67
15. 0.62 41.55
15. 0.61 40.67
20. 0.84 56.00
25, * 1.08 72.00
50. 1.51 87.55
* Fig. 4.3.1.9 ; F- 32 /cont ekx

Fig. 4.3.1.15; F - 35
T-9



.cont/Table 4.1.2.1.kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 3.0 mm

Temperature Immersion Product layer Percentage

time thickness conversion
t° t Ar = r_ - 13 1-(1-Ex)°-5
°c min mm 1°
840 1. 0.09 6.00
2. 0.18 12.00
5. 0.48 32.00
5. 0.40 26.67
5. 0.37 24.67
7. 0.52 34.67
10 ] 0.81 54.00
10. 0.77 51.33
12. o 0.88 58.67
15. 1.15 76.67
20. 1.45 96.67
20. 1.48 98.67
25- 1.50 100.00
°c min mm %
860 1. 0.11 7.33
20 * 0.18 12.00
2. 0.20 13.33
5. 0.58 38.67
7 0.72 48.00
10. 1.10 73.33
10. 1.05 70.00
10. 1.02 68.00
12.5 1.26 84.00
15. 1.47 98.00
15. 1.49 99.33
Fig. 4.3.1.6. F - 30
Fig. 4.3.1.8.,a.; F - 31
Fig. 4.3.1.14. ; F - 34

/cont
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.cont/Table 4.1.2.1.kinetics pure aluminium - silica reaction

Temperature

tO

1110

1170

. [Fig.
Fig.
Fig.
Fig.

Fig.

I Y

w w W w

e

Product layer

thickness

Immersion
time
t Ar =
min mm
2.5 0.09
5 0.18
10 0.29
10 0.52
15 0.40
40 1.05
50 1.31
60 1.50
min mm
5 0.50
10 0.61
o
E. 0.58
15 0.87
20 1.10
20 1.14
25 + 1.40
30 1.50
.30 ; F - 43
.34 ; F - 45
.35 F - 45
.38 ; F - 47
.49 F - 54
T-11

system. Diameter of the silica rod:

Percentage

conversion

1- (1-Ex)0*5

6.00
12.00
19.33
21.33
26.67
70.00

87.33
100.00

19.8
40.67
38.67
58.00
73.30
74.00
93.30
100.0

3.0 mm

/cont ,



..cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 3.0 mm

Temperature |Immersion | Product layer| Percentage
time thickness conversion
(o] - O .
b n pr =z -r; | 1-(2-8 )"
°c min mm %
1220 2.5 0.21 14.00
2.5 0.25 16.67
5 o 0.41 27.33
5 0.39 26.00
15 1.16 TT7.33
15 1.19 79.33
20 1.50 100,00
°c min mm 7
1265 1, =* 0.06 4.00
2. 0.21 14.00
4 0.39 26.00
5. 0.48 32,00
12, 1.20 80.00
15. 1.50 100,00
15. 1.50 100.00

* Fig. 4.3.1.27 ; F - 41
® Fig. 4.3.1.29,b ; F - 42

AV'T"'J‘ 2 /Con.t .



..cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 5.0 mm

Temperature | Immersion | Product layer | Percentage
time thickness conversion
£° % Ar =z - 73 1-(1—Rx)0'5
°c min mm %
760 0.5 0.01 0.40
1. 0.02 0.80
2. 0.03 1.20
5 0.06 2.40
5. 0.05 2.00
10. 0.15 6.00
10. 0.17 6.80
15. 0.20 8.00
15. 0.19 7.60
20. 0.24 9.60
20. 0.26 10.40
25. 0.32 12.80
30. 0.40 16.00
°c min mm A
815 1. 0.04 1.60
2. 0.10 4.00
5 0.21 8.40
5. 0.22 8.80
10. 0.47 18.80
10, * 0.50 20.00
10.  0.51 20.40
15. O0.77 30.80
20. 1.05 42.00
25. 1.40 56.00
50, e 1.55 62.00
40 © 2.05 82,00
® Fig.4.3.1.7 ; F - 30
* Fig.4.3.1.13 ; F - 34
0 Fig.4.3.1.18 ; F - 37

T - 13
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..cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 5.0 mm

Temperature Immersion Product layer Percentage

time thickness conversion
£o t Ar = ro - r& 1—%1—Rx)°*5
°c min mm 1°
840 1. 0.07 2.80
2. 0.15 6.00
5 0.35 14.00
P, 0.84 33.60
15. + 1.21 48.40
20. 1.54 61.60
25. o 2.00 80.00
50. 2.50 100.00
°c min mm %
860 1. 0.14 5.60
2. * 0.25 9.20
5. * 0.63 25.20
5. 0.58 23.20
10. 1.19 47.60
10. 1.11 44.40
15. 1.67 66.80
20. 2.16 86.40
20. 2.22 88.80
20. «* 2.18 87.20
25. 2.42 96.80
25. 2.45 98.00
30. * 2.50 100.00

* Fig.4.3.1.1. ; F - 28
« Fig.4.3.1.8.,b; F - 31

u Fig.4.3.1.10. ; F - 32
+ Fig.4.3.1.20,a-c to 25; F - 38 to 40

T-14 /cont



.cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 5.0 mm

Temperature Immersion Product layer Percentage

time thickness conversion
t° t Ar = Ty = Ty 1-(1-Ex)0-5
°c min mm 1°
920 5 0.08 3.25
5 0.82 32.80
5 1.00 40.00
10 - -
10 1.28 51.20
20 - -
20 0.60 24.00
20 1.25 50.00
30 1.70 68.00
30 2.50 100.00
40 0.96 38.40
40 x 2.00 80.00
60 2.50 100.00
60 2.22 88.80
60 1.74 69 .60
90 1.80 72.00
90 2.15 86.00
90 2.23 89.20
°c min mm %
980 10 0.26 10.40
10 0.71 28.40
20 -
20 0.16 6.40
20 0.51 20.40
30 0.36 14.40
30 1.27 50.80
45 1.19 47.60
45 1.95 78.00
60 0.17 6.80
60 0.79 31.60
20 0.45 18.00
920 1.10 44.00
90 0.96 38.40
90 o 1.85 74.00
120 1.01 40.40
120 1.80 72.00
120 2.50 100.00

X Fig. 4.3.1.50 ; F - 55

Fig. 4.3.1.52 ; F - 56
e  Fig. 4.3.1.54,a;F - 57

/cont



..cont/Table 4.1.2.1.

*

X O +

system. Diameter of the silica rod:

Temperature

o

time

t t

o

1110

1170

(o] min

10
20
40
50
70
90

(o] min

10
20
30
45

°c min

1220

10
15
20
30

°c min

1265

f

Pig.4.3.1.26 ; F - 41

Fig.4.3.1.29,a;F - 42
Fig.4.3.1.32; F - 44
Fig.4.3.1.36; F - 46

Fig.4.3.1.39; F - 48

ul

10
15

Ar =

T-16

Immersion Product layer
thickness

r
(0]
mm

0.26
0.45
1,12
1.40
1.91
2.34

mm

1.06

mm

0,46
0.80
1.29
1.70
2.44

mm

.10
.74
.06
.41
.19

N - e OO

Percentage
conversion

%

10.40
18.00
44,80
56.00
76.40
93.60

13.00
22.67
42.31
62.00
100.00

o

18.30
32.00
51.67
68.00
97.40

4.00

42.50
56.30
86.70

kinetics pure aluminium - silica reaction

5.0 mm

1—(1—RX)0,5

/cont...



.cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 10.0 mm

Temperature Immersion Product layer Percentage

time thickness conversion
t° t Ar = ro - r~ 1-(1-Rx)0*5
°c min mm In
760 2. 0.05 0.60
5. 0.05 1.00
10. 0.15 2.60
15. 0.22 4.40
20. 0.29 5.80
20. 0.50 6.00
25. 0.41 8.20
25, 0.59 7.80
50. 0.48 9.60
45. 0.65 15.00
60 0.90 18.00
°c min mm %
815 2. * 0.11 2.20
5 0.50 6.00
5 0.28 5.60
5. o 0.27 5.40
10. 0.45 9.00
15. ° 0.68 15.60
20 0.87 17.40
20. 0.89 17.80
20. 0.90 18.00
25. 1.25 25.00
25. 1.22 24.40
50. 1.55 50.60
50 1.50 50.00
50. 1.49 29.80
45. 2.10 42.00
60. 2.85 57.00
Fig.4.3.1.2.; F -29
Fig.4.3.1.4.; F -29 /cont.
Fig.4.3.1.5.; F -30



.cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 10.0 mm

Temperature Immersion Product layer Percentage

time thickness conversion
t° t Ar = r —r _ 1-(1-Hx)0-5
o i
°c min mm £
840 1 0.14 2.80
2 0.26 5.20
5 0.36 7.20
5 0.41 8.20
10 * 0.86 17.20
15 1.15 23.00
15 1.25 25.00
20 1.67 33.40
20 o 1.54 30.80
25 2.00 40.00
50 2.54 50.80
°c min mm %
860 10 0.09 1.80
5 0.67 13.40
5 © 0.65 13.00
10 © 1.13 22.60
15 1.86 37.20
15 1.83 36.60
15 1.80 36.00
20 2.36 47.20
25 2.80 56.00
25 2.93 58.60
30 3.50 70.00
30 3.45 69 .00
45 5.00 100.00

$ Fig.4.3.1.8,c; F - 31

e Fig.4.3.1.11.; F - 32
O Fig.4.31.12, a-c; F - 33

T-18 /cont



.cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 10.0 mm

Temperature Immersion Product layer Percentage

time thickness conversion
t° t Ar = r0 - r—l i—(i—RX)°-5
°c min mm .
920 10 - -
10 0.59 11.80
10 0.71 14.20
20 0.30 6.00
20 2.92 58.40
30 2.50 50.00
30 4.20 84.00
30 5.00 100.00
60 0.69 13.80
60 2.43 48.60
60 4.51 90.20
90 2.50 50.00
90 x 3.82 76.40
120 3.80 76.00
120 4.77 95.40
120 5.00 100.00
°c min mm %
980 15 0.46 9.20
15 0.62 12.40
20 - -
20 0.31 6.20
20 + 0.50 10.00
30 0.63 12.60
30 2.02 40.40
45 0.35 7.00
45 1.17 23.40
45 3.46 69.20
60 0.92 18.40
60 2.20 44.00
60 2.40 48.00
90 0.73 14.60
90 1.20 24.00
90 1.92 38.40
120 1.83 36.60
120 o 3.29 65.80

X Fig. 4.3.1.51; F -56

0 Fig.4.3.1.53; F -56
+ Fig. 4.3.1.54,c; F— 57

T-19 /cont



.cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

Temperature Immers

system. Diameter of the silica rod:

ion Product layer

time thickness
t° t Ar = rO
°C min mm
1110 20. + 0.59
20. 0.60
30. 0.90
120. 0 3.52
150. 4.68
160. 4.82
180. 5.00
°c min mm
1170 10. 0.49
15. 0.79
15. 0.71
30. - 1.57
45. 2.45
70. 3.96
70. 4.10
80. 4.81
90. 5.00
. Fig. 4.3.1.31,a-b; F -43
0 Fig. 4.3.1.33,a-b; F -45

Fig.4.3.1.42,a-c ; F -50

r .
1

Percentage
conversion

1-(1-Kx)0-5

11.
12.
.00

18

70.
93.
96.
100.

15.

80
00

40
60
40
00

.80

80

14.20

31.
49.
79.
.00

82

40
00
20

96.20

100.

00

10.0 mm

/cont



.cont/Table 4.1.2.1. kinetics pure aluminium - silica reaction

system. Diameter of the silica rod: 10.0 mm

Temperature Immersion Product layer Percentage

time thickness conversion
t° t Ar = Ty T Ti 1-(1-Ex)°-5
°C min mm
1220 10. 0.90 17.90
15. o 1.26 25.20
50. 2.30 46.00
45. + 5.95 79.00
50. 4.26 85.20
55. x 4.69 95.80
o, 5.00 100.00
°c min mm %
1265 2, * 0.59 7.80
4. 0.62 12.40
6. 0.75 15.00
10. 1.79 55.80
15. o 2.76 55.20
20. 5.65 75.00
25. 4.69 95.80
25. 4.75 94.60

Fig.4.3.1.28; F - 41
Fig.4.3.1.29; F - 42
Fig.4.3.1.37; F - 46
Fig.4.3.1.43, a-c; F
Fig.4.3.1.48; F - 54

T-21
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Table 4.1.3. Experimental results: the kinetics of reaction between
liquid aluminium - silicon alloys and vitreous silica.
Al - 5.0 atomic % Si;

Temperat. | Tmmersion |{Product layer | Percentage
time thickness conversion
+° £ PR 1_(1_Rx)0.5
°c min mm %
1110 10 0.26 5.20
15 0.48 9.60
20 0.54 10,80
20 0.59 11.80
30 0.71 14.20
45 1.17 23.40
45 0.98 19.60
60 1.45 29.00
60 1.57 31.40
90 2.54 50.80
120 3.47 -69.40
120 3.40 68.00
150 4.62 92.40
180 5.00 100.00
180 4.90 98.00
°c min mm Z
1170 5 0.24 4.80
10 0.44 8.80
10 0.50 10.00
15 0.98 19.60
20 1.07 21.40
25 1.22 24,40
30 1.56 31.20
30 1.43 28.60
45 . 2.21 44.20
60 3.65 73.00
60 3.60 72.00
920 5.00 100,00
90 5.00 100,00

T=25 Jeont . . .



.cont/Table 4.1.3. kinetics aluminium - 5.0 atomic % silicon- silica

reaction system.

Temperat. Immersion Product layer Percentage

time thickness conversion
t° t Ar = rO - r? 1-(1-Kx)°*5
°c min mm 2
1220 10 0.92 18.40
20 1.61 32.20
30 2.04 40.80
45 4.10 82.00
50 4.20 84.00
55 4.41 88.20
60 5.00 100.00
°c min mm %
1265 2 0.35 7.00
4 0.64 12.80
5 0.67 13.40
7 0.97 19.40
10 1.75 35.00
12 2.01 40.20
15 2.80 56.00
20 3.62 72.40
20 3.70 72.40
25 4.73 74.00
30 5.00 100.00
30 5.00 100.00
T-26

/cont



. ..cont/Table 4.1.3. kinetics aluminium - 10.0 atomic % silicon - silica

reaction system.

Temperat. |Immersion|{ Product 1ayer 1Percentage
time thickness conversion
£° | t Ar =z -71; 1-(1—RX)O‘5
°c min mm %
1110 10 0.2% 4.60
20 0.57 11.40
30 0.64 12.80
45 0.93 18.60
45 0.85 17.00
45 1.09 21.80
60 1.65 33.00
60 1.33 26.00
60 1.42 28.40
90 2.36 47.20
105 3.11 62.20
120 3.59 71.80
150 4.40 88.00
150 4.21 84.20
180 5.00 100.00
180 5.00 100.00
°c min mm Z
1170 5 0.14 2.80
10 0.47 9.40
15 © 0.72 14.40
15 0.95 - 19.00
20 1.14 22.80
25 1.19 23.80
30 1.47 29.40
45 2.50 46.00
45 2.46 49.20
55 3.06 61.20
75 4.22 84.40

=27 Jecont . . .



.cont/Pable 4.1.3. kinetics aluminium - 10.0 atomic % silicon - silica

reaction system.

Temperat. Immersion Product layer Percentage
time thickness conversion
t° t Ar = Ty T Ty 1-(1-Ex)°-5
°c min mm Io
1220 4 0.32 6.40
7 0.83 16.60
10 1.10 22.00
10 0.92 18.40
15 X 1.25 25.00
20 1.41 28.20
25 1.80 36.00
30 2.56 51.20
35 2.71 54.20
45 3.80 76.00
°c min mm %
1265 5 0.49 9.80
10 1.60 32.00
10 1.45 29.00
10 1.48 29.60
15 2.59 51.80
20 3.32 66 .40
25 4.32 86.40
30 5.00 100.00

X Fig.4.3.2.1; F - 58

T-28 /cont



.cont/Table 4.1.3. kinetics aluminium - 15.0 atomic % silicon - silica

reaction system.

Temperat. Immersion Product layer Percentage

time thickness conversion
t0 t Ac = rQ - x+ 1-(1-Hx)°-5
°c min mm £
1110 10 0.05 1.00
20 0.41 8.20
20 0.24 4.80
30 0.54 10.80
45 0.88 17.60
45 0.47 9.40
45 0.60 12.00
60 0.97 19.40
60 1.40 28.00
20 2.35 47.00
20 2.55 51.00
90 2.10 42.00
120 3.11 62.20
150 4.30 86.00
180 4.55 91.00
180 5.00 100.00
180 4.88 97.60
°c min mm %
1170 10 0.19 3.80
10 0.12 2.40
12 0.42 8.40
15 0.82 16.40
15 0.70 14.00
20 0.95 19.00
25 1.19 23.80
30 1.57 31.40
45 2.47 49.40
45 2.07 41.40
45 2.23 44.60
60 3.26 65.20
60 3.10 62.00

/cont



.cont /Table 4.1.3. kinetics aluminium - 15.0 atomic % silicon - silica
reaction system

Temperat. Immersion Product layer Percentage
time thickness conversion
t° t Ar = g — ¥, 1-(1-Bx)°-5

°c min mm 10

1220 5 0.31 1.00

10 0.74 14.80

10 0.85 17.00

15 1.10 22.00

20 1.57 31.40

25 I.83 36.60

25 2.00 40.00

25 1.71 34.20

25 1.76 35.20

30 2.47 49.40

35 2.85 57.00

45 3.71 74.20
°c min mm %

1265 5 0.69 13.80

5 0.67 13.40

10 1.46 29.20

15 2.51 50.20

15 2.44 48.80

15 2.45 49.00

20 3.20 64 .00

- 25 4.32 86.40

25 5.00 100.00

T-30



TaDie 4.1.4.1. Experimental results: the kinetics of reaction between

liquid aluminium - manganese alloys and vitreous silica.
Al - 5.0 atomic % Mn;

Temperat. Immersion Product layer Percentage

time thickness conversion
t° t Ar =z, - 5—1_(1_HX)0_5
min mm 1°
1110 30 0.41 8.20
30 0.46 9.20
45 0.78 15.10
60 1.00 20.00
60 1.29 25.80
90 2.07 41.30
90 1.96 39.20
120 2.45 49.00
150 3.48 69 .50
150 3.65 73.00
160 3.71 74.20
180 4.13 82.60
°c min mm %
1170 5 0.24 4.8
10 0.16 3.2
10 0.23 4.5
10 0.38 7.6
15 0.74 14.8
20 0.59 17. 7
25 0.97 19.4
30 1.05 21.0
30 1.47 29.4
45 1.90 38.0
60 2.77 55.3
60 2.43 48 .4
75 2.97 59.3
90 3.55 71.0
20 3.90 78.0
20 3.98 79.5
105 4.40 88.0
105 4.47 89.3
120 5.00 100.0

/cont. .



.cont/Table 4.1.4.1. kinetics aluminium - 5.0 atomic % manganese

silica reaction system.

Temperat. Immersion Product layer Percentage
time thickness conversion
t° t Ar = r - r. 1-(1-Ex)0,5
o i
°c min mm 1 g
1220 5 0.51 10.20
10 0.77 15.50
15 1.45 28.60
20 1.70 34.00
° o 2.30 46.00
40 5.59 67.80
45 5.83 76.60
50 5.95 79.00
60 4.81 96.20
60 5.00 100.00
°c min mm %
1265 2 0.55 6.5
5 0.74 14.7
10 1.07 21.4
10 1.18 23.5
15 2.25 44-9
20 2.90 58.0
50 5.88 . 77.6
50 4.07 81.3
55 5.00 100.0

T-32 /cont.



.cont/Table 4.1.4.1. kinetics aluminium - 10.0 atomic % manganese

silica reaction system.

Temperat. Immersion Product layer Percentage

time thickness conversion

t° t Ar = ry " & 1-(1-Rx)0*5
°c min mm Io
1110 30 0.18 4.5
45 0.34 6.8
60 0.39 7.8
80 0.66 13.1
80 0.80 16.0
20 0.88 17.5
120 0.99 19.7
150 1.08 21.5
150 1.25 25.0
180 1.55 31.0
210 1.95 39.0
240 2.02 40.4
oy min mm %
1170 15 0.25 5.0
20 0.16 3.1
20 0.27 5.3
25 0.29 5.8
30 0.45 9.0
45 0.69 13.7
60 1.02 20.3
60 0.82 16.4
20 1.42 28.4
90 1.80 36.0
20 1.76 35.2
105 2.00 40.0
120 2.24 44.8
150 3.02 60.4
180 3.48 69.6
210 4.49 89.7

/ cont...



.cont/Table 4.1.4.1. kinetics aluminium - 10.0 atomic % manganese

silica reaction system.

Temperat. Immersion Product layer Percentage
time thickness conversion
t° t Ar = r) - I¢ 1-(1-Rx) °*5
°c min mm 1°
1220 10 0.29 5.8
20 0.50 10.0
30 0.92 18.4
45 1.20 24.0
45 1.47 29.3
60 1.80 36.0
75 2.29 45.8
90 3.05 61.0
90 3.29 65.8
105 3.67 73.3
120 + 3.75 75.0
120 4.28 85-5
150 5.00 100.0
°c min mm %
1265 5 0.29 5.7
10 0.66 13.2
15 1.27 25.4
20 1.46 29.2
30 2.10 42.0
45 3.22 64.3
60 4.64 92.8
60 4.18 83.5
75 5.00 100.0

+ Fig,4.3.2.5,a-b; F - 60

T-34 /cont



..cont/Table 4.1.4.1. kinetics aluminium - 15.0 atomic % manganese
silica reaction system.

Temperat. Immersion Product layer Percentage

time thickness conversion
t° t Ar = r_ - r,  1-(1-R )U*
0 i
°c min mm 10
1110°C 45 0.14 2.8
60 0.05 1.0
75 0.05 1.0
75 0.15 3.0
90 0.05 1.0
90 0.10 2.0
105 0.19 3.8
105 0.40 8.0
120 0.23 4*6
120 0.45 9.0
150 0.15 3.0
150 0.39 7.7
150 0.47 9.3
180 0.45 8.9
210 0.44 8.8
210 0.83 16.5
240 0.23 11.5
240 0.42 8.3
240 0.87 17.4.
°c min mm )
1170 50 0.05 1.0
45 0.05 1.0
45 0.31 6.2
60 0.29 5.8
75 0.92 18.4
90 1.05 21.0
920 1.23 24.5
105 1.19 23.8
120 1.20 24.0
120 1.45 29.0
120 1.57 31.4
150 2.18 43.5
180 2.25 45.0
180 2.12 42 .4
210 2.97 59.4

/cont



..cont/Table 4.1.4.1. kinetics aluminium - 15.0 atomic % manganese -

silica reaction system.

Temperat. Immersion Product layer Percentage
time thickness conversion
t° t Ar = Iy T Ty 1-(1-Rx)0*5
°c min mm 1o
1220 20 0.05 1.0
50 0.57 11.4
45 0.70 14.0
60 1.32 26.4
75 1.60 32.0
75 I.85 37.0
20 2.26 45.1
105 2.90 58.0
120 3.15 65.0
120 2.71 54.3
150 3.75 75.0
150 4.21 84.2
180 4.52 90.3
°C min mm %
1265 10 0.36 7.2
20 0.87 17.4
30 1.49 29.8
45 2.20 44.0
6o © 2.76 55.2
75 3.67 73.4
75 3.75 75.0
20 5.00 100.0

0 Fig. 4.3.2.3.; F - 59



Table 4.1.4.2. Experimental results; the kinetics of the reaction
between liquid aluminium - iron alloys and vitreous
silica. Al - 5.0 atomic % Fe;

Temperat. Immersion Product layer Percentage

time thickness conversion
t° t Ar = ry - T4 1-(1-Rx)°-5
°c min mm 1°
1110 20 0.23 4.5
30 0.55 11.0
30 0.42 8.4
30 0.33 6.5
60 0.90 18.0
60 1.20 24.0
120 2.87 57.4
150 3.75 75.0
150 3.34 66.8
160 4.15 83.0
180 4.25 85.0
210 5.00 100.0
210 5.00 100.0
°c min mm %
1170 25 0.83 16.5
25 1.12 22.3
30 1.27 25.4
45 I1.84 36.8
45 1.75 35.0
45 1.79 35.7
60 2.10 41.9
75 2.78 55.5
80 3.15 63.0
90 3.50 70.0
20 3.72 74.3
105 X 4.30 85.9
120 5.00 100.0

be 4.3.2.2;, ¥ - 59

/cont
T-37



.cont/Table. 4,1.4.2. kinetics aluminium - 5.0 atomic % iron-

silica reaction system.

Temperat. Immersion Product layer Percentage
time thickness conversion
t° t Ar = g - Ty 1-(1-Rx) °*5
°c min mm 1o
1220 5 0.49 9.70
10 0.75 15.00
10 0.72 14.30
15 1.41 28.20
20 1.69 . 33.80
25 1.80 35.90
25 1.8 36.20
50 2.27 45.40
45 3.76 75.20
45 3.75 75.00
60 5.00 100.00
60 5.00 100.00
°c min mm %
1265 5 0.81 16.10
10 1.12 22.40
15 2.11 42.10
15 2.07 41.30
20 2.88 57.50
20 2.92 58.40
20 2.87 57.30
25 3.32 66.40
30 3.79 75.80
30 3.92 78.40

Fig. 4.3.2.6,a; F - ¢l

/lcont



..cont/Table 4.1.4.2. kinetics aluminium - 10.0 atomic % iron - silica

reaction system.

Temperat. Immersion Product layer Percentage

time thickness conversion
t° t Ar = r, -t 1-(1-rR )0,5

°c min mm Io
1110 15 - -
15 - -
20 - -

20 0.04 1.00

30 0.16 3.10

30 0.20 4.00

45 0.29 5.70

60 0.38 7.50

60 0.27 5.40

70 0.43 8.60

80 0.75 14.90

90 0.77 15.30

90 0.58 11.60

120 0.98 19.50

150 1.10 22.00

150 1.11 22.20

180 1.59 31.70

210 1.80 36.00

240 1.95 O 38.90

240 2.03 40.60

270 2.48 49.50
o min mm %

c

1170 15 0.23 4.60

20 0.24 4.80

25 0.32 6.40

30 0.42 8.40

30 0.37 7.40

45 0.68 13.60

60 0.95 19.00

60 0.93 . 18.60

60 0.97 19.40

90 1.67 33.40

105 1.99 39.80

120 2.20 44.00

150 2.82 56.40

150 2.80 56.00

180 3.32 66 .40

240 4.42 88.40

240 4.55 91.00

0 Fig.4.3.2.4. ; F - 59

. Fig. 4.3.2.7,a; F - 65

/lcont . .



.cont/Table 4.1.4.2. kinetics aluminium - 10.0 atomic % iron

silica reaction system.

Temperat. Immersion Product layer Percentage
time thickness conversion

t° t Ar = e 1-(1-Rx)0-5

. e min mm lo
1220 10 0.32 6.40
15 0.46 9.20
20 0.48 9.60
25 0.73 14.60
30 0.89 17.80
35 1.07 21.40
45 1.31 x 26.20
60 1.75 35.00
60 1.73 34.60
75 2.31 ° 46.20
90 3.18 63.60
105 3.60 72.00
105 3.56 71.20
120 4.22 84.20

°c min mm %
1265 5 0.27 5.40
10 0.68 13.60
15 1.25 25.00
20 1.43 28.60
25 1.64 32.80
30 2.08 41.60
40 2.63 52.60
45 3.16 63.20
60 4.09 81.80
75 4.91 98.20

X Fig.4.3.2.6,b; F -62
0 Fig.4.3.2.7,b; F - 65

/lcont
T-40



..cont/Table 4.1.4.2. kinetics aluminium - 15.0 atomic % iron - silica

reaction system.

Temperat. Immersion Product layer Percentage

time thickness conversion
t° t Ar = r, - r. 1-(1-Rrx)0,5

°c min mrr 1°
1110 20 - -
30 - -
45 - -

45 0.05 1.00

60 0.05 1.00

90 0.08 2.00

20 0.05 1.00

120 0.12 2.40

120 0.05 1.00

120 0.17 3.40

150 0.29 5.80

240 0.33 6.60

240 0.52 10.40
°c min mm %

1170 45 0.05 1.00

45 0.11 2.20

60 0.13 2.60

60 0.12 2.40

60 0.18 3.60

75 0.64 12.80

20 0.85 17.00

105 1.07 21.40

120 0.98 19.60

150 1.81 36.20

180 2.02 40.40

180 1.93 38.60

210 2.90 58.00

210 2.77 55.40

T-41 /lcont



.contAable 4.1.4.2. kinetics aluminium - 15.0 atomic % iron - silica

reaction system.

Temperat. Immersion Product layer Percentage

time thickness conversion
t° t Ar = r, - ¢ 1-(1-RX)0,5
chi mm mm ° 1
$
1220 20 - -
30 0.22 4.40
45 0.48 9.60
45 0.51 10.20
60 0.88 17.60
20 1.19 23.80
920 1.30 J 26.00
120 2.21 44.20
120 2.45 49.00
120 2.35 47.00
150 3.14 62.80
180 3.90 78.00
180 413 82.60
oo min mm %
1265 5 0.05 1.00
10 0.21 4.20
15 0.58 7.60
15 0.45 9.00
20 0.74 14.80
20 0.76 15.10
30 1-17 23.40
45 1.86 37.20
60 2.50 50.00
60 2.42 48.40
75 3-10 62.00
75 3-02 60.40
20 3.74 74.80
120 5.00 100.00
120 5.00 100.00

. Fig.4.3.2.6,0; F - 63
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Table 4.1.6,: Experimental results: kinetics of the reaction between
liquid pure aluminium and vitreous silica under rotating conditions

of the silica rod. CLﬁ,==1O mm: rotation per minute: 5,15 ,35%

Temperat. Rotations Immersion Product layer Percentage
per minute time thickness conversion
t° t Ar=r - res 1-(1-Ex)0*5
o i

°c rpm min mm 1o
1170 5 15 0.83 17.00
30 1.54 31.00
45 2.48 50.00
80 4.80 96.00
15 35 2.02 40.00
50 3.00 60.00
20 5.00 100.00
35 10 0.48 9.60
30 1.56 31.00
60 3.54 71.00

°c rpm min mm %
1265 5 2. 0.42 8.40
5. 0.53 10.60
10. 1.75 35.00
15. 2.70 54.00
20 3.73 76.60
15 1. 0.19 3.80
2. 0.44 8.80
5. 0.56 11.20
10. I1.84 36.80
35 2. 0.48 9.60
10. 1.80 36.00
20 3.70 74.00

/cont...



Table 4*1*6*.: Kinetics Al-5 atomic $ Mn - Si09 system under
rotating conditions of the silica rod® = 10 Ham®

Rotations per minute: 5, 15, 35.

Temperat. Rotations Immersion Product layer Percentage

per min time thickness conversion
t° rpm t Ar = r - ri 1-(1-Rx) °*5
°c min mm 1°
1170 5 10 0.32 6.40
15 0.49 9.80
20 0.71 14.30
30 1.10 22.00
60 2.45 49.00
90 3.80 76.00
15 5 0.28 5.60
10 0.56 11.20
20 0.68 13.50
30 1.03 20.50
75 2.97 59.40
90 3.66 73.10
105 4.45 89.00
120 5.00 100.00
35 15 0.58 11.30
25 0.99 19.80
35 1.42 28.40
45 1.70 34.00
60 2.65 53.00
105 4.29 85.90
120 4.90 98.00
1265 5 5 0.89 17.9
10 1.21 24 .2
15 2.28 45.6
20 2.76 55.3
25 3.50 70.00
30 4.12 82.70
15 5 0.83 16.5
10 1.25 25.0
15 2.36 47.2
15 2.27 45.4
20 2.90 58.0
25 3.36 67.3
35 5.00 100.0
35 5 0.76 15.3
10 1.19 23.8
15 2.32 46.4
20 2.79 55.8
25 3.45 69.0
25 3.30 66.0
30 4.27 85.4
35 5.00 100.0
35 5.00 100.0

T-47 /contes,



s**&9cont3/Table 4*1®6®s kinetics Al-5 atomic DPe - Silo system

under rotating conditions of the silica rod® $ a= 10 mm»
Rotations per minute: 5, 15, 35®

Temperat. Rotations Immersion Product layer Percentage

per min time thickness conversion
t° rpm t Ar = r - ri 1-(1-Rx)°*5
o x
°c min mm 1o
1170 5 10 0.46 9.20
15 0.67 13.40
25 1.17 23.50
30 1.29 25.80
90 3.82 76.40
105 4.18 83.70
120 4.87 97.50
15 5 0.23 4.70
15 0.74 14.90
20 0.89 17.80
30 1.15 23.00
45 1.62 32.50
105 4.06 81.30
120 5.00 100.00
120 5.00 100.00
35 10 0.43 8.70
20 0.90 18.00
30 1.23 24.70
60 2.31 46.30
75 2.97 59.40
20 2.97 77.30
1265 5 5 0.57 11.40
10 1.23 24.70
15 1.96 39.30
30 4.12 82.50
45 5.00 100.00
15 5 0.71 14.30
10 1.02 20.50
20 2.67 53.40
30 3.87 77.50
40 5.00 100.00
35 10 1.32 26.40
20 2.64 52.80
30 3.95 79.00
40 5.00 100.00
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Table 4.2.1. Experimental results; x - ray diffraction

data for aluminium and silicon.

standard phases ASTM*

aluminium silicon aluminium silicon
2e d i 2e d i d I d I
36.95 2.43 1 28.39 3.14 1 2.34 1 3.14 1
44.06 2.27 4 47.82 1.90 2 2.02 2 1.92 2
47.56 2.11 2 54.81 1.67 3 1.43 4 1.64 3
51.68 1.95 5 74.64 1.27 4 1.22 3 1J.11 4
70.20 1.47 3 83.18 1.16 3
75.37 1.38 3 116.81 0.90 4 - -

* ASTM -"Fink Inorg.Ind. Powder Diffrac.File", ed. Smith,JV. et al.
ASTM, 1967

’.l.
Il

order of intensity of lines in the film

H
Il

relative intensity
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Fige 2.1 - the aluminium-silicon equilibrium phase diagram
(after Hansen, M.S)

Fige 242, ~ temperature dependence of the time required to initiate

reaction between aluminium and silica

+ pure aluminiumj first observation of reaction
layer

m pure aluminiumj extrapolated time for zero
- time thickness

o pure aluminium; (from ref.46)

X  Al-0.,38 % Bi (from ref. 46)
(after Squires, H.V., Rayson, H.W.’0)
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Fige 243+ - change in wetting behaviour of liquid aluminium in contact
with silica surface at two differenz temperatures.
‘ 2
(after Marumo, C., Pask, J.A. )

Fige 2¢4e = ae electron-microprobe analysis /in mass % of a cross-

section of an aluminium-silica specimen after

reaction at iOOOOC for one hour;

be calculated ionic species profiles based on a constant

(1]

number of oxygen ions using mass % concentration

data obtained from a.

(after Marumo, C., and Pask, J.A.21)

Fige 245« = general forms of a conversion process in a heterogeneous

reacting system:

R_ represents the extent of the initial period (I)
t_ marks the end of the induction period (II)

R;,t; are the co-ordinates of the point of inflection
separating the acceleratory period (III) from the
deceleratory period (IV).

is the fractional conversion related to almost

complete reaction

(after Jacobs, P.W.M.79)
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Fige 2.6 : reported activation energy values by different
investigators in the field of interaction between

silica and aluminium. Conversion to same units had to

be made.

(1) after Prabriputaloong, K., Piggott, MR
(2) after Standage, A.E., Gani, M.5.%0

(3) after Squires, H.V., Rayson, £.7.20
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Fige 2.7 The aluminium-rich end of the aluminium-manganese
binary phase diagram.

(after Mondolfo, 1.7.50)

Fige 248 The aluminium-rich end of the aluminium=-iron binary
phase diagram.

(after Nondolfo, L.F.0)
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Fige 209, Phase distribution at the aluminium corner of the
aluminium-manganese-silicon ternary diagram.
(after Mondolfo, L.F.BO)

Fige 2410. Phase disfr:ibution in the solid aiuminium corner of
the sluminium-iron-silicon termary diagram,
(after Mondolfo, L.F.SO)
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F-ig.3.1. - equipment used in the preliminary experiments for
reaction between vitreous silica and molten

aluminium .
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Fig. 3.2. - flow diagram of the reactor and gas purifying

system for preliminary studies -
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modified equipment for studies on reaction between
silica and liquid pure aluminium and aluminium alloy

at higher temperatures.






Fig. 3.5. - scheme of high temperature apparatus.

(a) -~ Furnace: "crystalon" hot rods heating

elements - insulating brick structure

(b) - Eurotherm "on/off" switch control wiring

diagram
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Fig. 3.6. - schematic section of reactor readapted for

higher temperature experiments ,

et
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Fig.3.7 - variable speed "Gallenkamp" stirrer for rotation

of the silica rod immersed in the molten metal .
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Fig. 3.8. a - d - schematic representation of different
sectional configurations of the product

layer formed during reaction :

(a) vertical section with representative
cut for measurement

(b) non-uniform product layer

(¢) uniform product layer

(d) irregular product layer
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FIG. 4.1.2.1 — reaction between liquid pure aluminium and yitreous

silica at different temperatures varying from 760
to 860°C.

Percentage of the product layer formed expressed

as the left hand side of equation 4.1.1.1 versus

time.
DIAMETER FIGURE TEMPERATURE REGRESSION LINﬁ- STANDARD
EQUATION DEVIATION
(y=mx + c) (o)
3.0 mm (a) 7600C 0.84x% + 1.10. 0.65
8150¢C 2.86x + 0.43 1.39
8400C 4.30x + 6.37 5.82
8600¢C. 6.63x + 1.68 2.85
5,0. mm (B) 7600¢C 0.51x + 0.21 0.63
8150¢ 2.12x - 0.99 1.93
8400C 3.29x - 1.08 1.93
8609c | 3.63x + 1.31 1.03
10..0mm (c) 7600C 0.30x - 0.10 0.44
8150¢ 0.95%x + 0.29 1.17
840 °c 1.61x + 0.46 1.35
860°C 2.22x + 1.94 1.48
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FIG. 4.1.2.2 - reaction between 1liquid pure aluminium and

vitreous silica at different temperatures:

920 and 980°C.

Percentage of the product 1layer
expressed as the 1left hand side

4.1.1,1. versus time

original diameter of the rod:

(a) 5.0 mm

(b) 10.0 mm

temperatures:
0 920°cC

© 980°C

X reference plot at 860°C

formed

of equation
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FIG. 4.1.2.3 - reaction between liquid pure aluminium

and vitreous silica at different

temperatures varying from 1110 to

12659C.

Percentage of the product layer formed

expressed as the left:hand side of
equation 4.1.1.1 versus time.
DIAMETER | FIGURE TEMPERATURE | REGRESSION LINE |STANDARD
EQUATION DEVIATION
(y = mx + c) (@)
3.0 mm (a) ® 1110°¢C 1.65x + 3.21 1.56
@ 11700C 3.30x + 6.47 3.40
e 12200cC 4.,59%x + 2.68 5.18
0 12650¢C 6.67x - 1.25 1.45
5,0 mn (b) @ 1110°C 1.07x - 0.22 2.82
© 11709C 2.15x '+ 0.61 2.75
@ 12209¢C 3.22x + 1.99 1.89
0 12650¢C 5.84x - 1.16 1.96
10mm (c) ® 1110¢°cC 0.58x + 0.66 3.74
@ 11700¢C 1.18x - 2.83 2.48
e 12209C 1.70x - 0.52 2.63
0 12659cC 3.88x = 3.44 2.53
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FIG.

4.1.2.4

reaction between 1liquid pure

aluminium and

vitreous silica calculated values of the

reaction rate constant

diameter of the silica

experimental temperature

range /°C/

760 - 860

920 - 980

1110 - 1265

/k/ for

different

rod versus temperature

diameter of the

silica

10.

rod /mm/

o

o
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FIG.

4.1.2.5

application

of Arrhenius

to experimental

liquid pure

activation

experimental temper-

aluminium

energy E/kJ x mol

ature range /°C /

760 -

920 -

1110 -

860

980

1265

results

diameter /mm/

. 3.
5.
v 10
A 5
v 10
3.
A 5
10.

F-1.8

equation

of

and vitreous

silica rod

o

o

o

4.1.2.1

reaction between

silica

activation

energy E

for

/determination

ij x mol A/
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FIG. 4.1.2.6 - correlation between rate of reaction and
the reciprocal diameter of the silica

rods, according to equation 4.1.1.1.
(a) temperature range; 760 ~ 860°C
(b) temperature range:1110 - 1265°cC

(see next page)
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FIG. 4.1.3 ~ reaction between liquid aluminium -

silicon alloys and vitreous silica at

different temperatures varying

1110

to 1265°¢C.

Precentage of

product layer formed expressed

left hand side of equation 4.1.

time.

Original diameter

from
the
as the

1.1 versus

of the silica rod=10.0mm

ATOMIC % |FIGURE |[TEMPERATURE | REGRESSION .LINE |STANDARD
SILICON EQUATION DEVIATION
(y = mx + ¢)

5.0 (a) e 11100C 0.58x% 1.71 3.29

® 11700°¢C 1,15x% 1.96 3.56

& 1220°C 1.69x 1.46 5.42

O 12659G 3.35% 0..07 4,66
10.0 (b) 6 11100°¢C 0.59x 4.75 2.05

® 11700cC 1.13x 2.11 2.28

® 12200cC 1.55x% 2.17 3.76

0 12659cC 3.63x 6.02 2.38
15.0 () @ 11700cC 0.59x 8.61 4.83

@ 1170°C 1.14% 4.93 2.91

& 1220°C 1.73x 4.43 2.86

0 1265°¢C 3.92x 8.33 4.97

F-20.
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FlG. 4.1.4.1L — TeacCctlon petweell 11qulid aiuminiuumy -

manganese alloys and vitreous silica at

different temperatures varying from 1110

to 12659cC.

Percentage of the product

layer formed expressed as the left hand

side of equation 4.1.1.1 versus time.

Original diameter of the silica rod=10.0mm

ATOMIC % | FIGURE |TEMPERATURE | REGRESSION LINE | STANDARD

MANGANESE EQUATION DEVIATION
(y = mx + ¢) (o)
5.0 (a) & 1110°C 0.51x - 6.89 2.51
| @ 11709cC 0.85x - 0.96 3.09
& 1220°C 1.61lx + 1.58 3.45
0 1265¢C 2.78x - 0.98 4.04
10.0 (b) e 1110¢°cC 0.18x - 0.76 2.22
| ®@ 11709cC 0.43x - 5.08 2.72
® 12200cC 0.70x - 3.37 3.70
0 1265¢9¢C 1.39% + 1.12 3.90
15.0 () ® 1110¢°¢C 0.06x - 2.07 3.09
8 11700°¢C 0.31x - 8.81 3.72
8 12200¢C 0.57x - 8.13 4.18
0 12659¢C 1.09x - 4.78 3.00
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FIG. 4.1.4.2 - reaction between liquid aluminium -
iron alloys and vitreous silica at
different temperatures varying from
1110 to 12659C. Percentage of the
product layer formed expressed as the
left hand side of equation 4.1.1.1

versus time.

Original diameter of the silica rod=10.0mm

ATOMIC 7Z | FIGURE | TEMPERATURE | REQUESSION LINE STANDARD
IRON EQUATION DEVIATION
(y. = mx + c) (o)
5.0 (a) e 1110°¢ 0.52x - 7.22 3.64
® 1170°C | 0.82x - 1.95 3.02
8 12200C 1.68x - 1.51 2.95
0 12650C | 2.55x + 3.03 3.43
10.0 (b) e 11100C 0.18x - 3.02 1.96
® 11709C 0.39x - 3.13 1.25
8 12200C 0.71x - 3.95 2.63
0 12659C 1.32x + 1.48 6.20
15.0 (c) e 11100C 0.04x - 2.03 1.52
® 11709C 0.32x -14.61 3.31
® 12209C 0.52x -14.96 3.85
0 12650C 0.86x - 3.29 1.33




[ 1-(1-Ry)° ] (%)

100

75

50

[1-0i-re %% ] (%)

25

60 80 100 120
time (min)

‘ 80 100 120
time (min)

100

75

50

[ I -(1-Ry > ] (%)

25

o8> — . S —— ]

60 80 100 120
time (min)



oe

oa

as

0SI 00! 08 03

(nim) smit

001 08 03

(mm) sm it



FIG. 4.1.5, - reaction between liquid aluminium - silicon, manganese;
iron alloys and vitreous silica: measured values of the
reaction rate constant /k/ for different experimental
contents of silicon, manganese and iron in the

aluminium versus temperature.

(a) aluminium-silicon alloys:
O 5at%Si
® 10 at 7 Si
® 15 at Z Si
® pure aluminium (reference plot)
(b) aluminium-manganese alloys:
0O 5 at 7 Mn
® 10 at Z Mn
® 15 at 7 Mn
(c) aluminium—iron alloys:
O 5 at 7 Fe
® 10 at 7 Fe
® 15 at Z Fe

F-23
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FIG. 4.1.6. - application of Arrhenius equation 4.1.2.1. to

experimental results of reaction between liquid

aluminium alloys with silicon, manganese, iron

and vitreous silica for activation energy E/kJ x

X mol—lldeterminatione

Temperature element
range content
/QC/ latz/
1110-1265 Silicon: O — 5.0
® — 10.0
© — 15,0
Manganese: A — 5,0
A — 10.0
A — 15,0
Iron: V— 5.0
Vv — 10.0
V— 15.0

Experiments under rotating conditions:

/average reaction rate constant
values from different r.p.m.
at temperatures/

F-24

P
activation

energy E/kJ x mol—l/

188.90
197.15
201.61
198,88
228,48
316,82
182.01
223.64
339.39

pure aluminium
aluminium - 5 atZMn

aluminium - 5 atZFe
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FI1G'., 4,1.7,a,b - reaction between liquid pure aluminium

and vitreous silica carried out under

rotating conditions of the silica rod.

Percentage of the product layer formed
expressed as the left hand side of
equation 4.1.1.1. versus time.
Original diameter of the silica rod=10.0mm
RATATIONS FIGURE | TEMPERATURE |REQUESSION LINE STANDARD
PER MINUTE EQUATION DEVIATION
(y = mx + c) (a)
0 5.0 (a) 11709C 1.23x - 3.96 2.68
(b) 12650°C 3.96x - 4.15 4.13
e 15.0 (a) 11700¢C 1.07x + 4.12 2.88
(b) 12659¢C 3.52x + 0.71 4.73
o 35.0 (a) 11700C 1.24x - 4,01 2.58
(b) 12650¢C 3.59%x + 1.61 1.95

reference plot for comparison:

static silica rod
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FIG. 4.1.7.c,d - reaction between liquid aluminium -
manganese alloy and vitreous silica
carriéd out under rotating conditions
of the silica rod. Percentage of the
left hand side of equation 4.1.1.1.

versus time.

Maganese content = 5 at 7%

RATATIONS FIGURE | TEMPERATURE | REQUESSION LINE | STANDARD

PER MINUTE EQUATION DEVIATION
(y = mx + c) (o)
0 5.0 (e) 11700¢C 0.88x - 3.26 0.77
(a) 12650°C 2.69x + 2.17 3.09
e 15.0 (e) 11700C 0.83x - 0.74 2.90
(d) 12650C 2.78x + 1.76 3.35
o 35.0 (e) 11700°¢C 0.83x - 0.74 2.17
(d) 12650°cC 2.85x - 0.93 3.00

reference plot for comparison:

@ static silica rod in Al-5.0 at % Mn
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FIG. 4.1.7.e,f - reaction between liquid aluminium-iron

alloy and vitreous silica carried out
under rotating conditions of the silica
rod. .Percentage of the product layer
formed expressed as the left hand side

of equation 4.1.1.1. versus time.

Iron content = 5 at 2

FIGURE | TEMPERATURE | REGRESSION LINE | STANDARD

RORATIONS
PER MINUTE EQUATION DEVIATION
(y = mx + ¢)

0 5.0 (e) 11700¢C 0.80x + 2.11 1.69
(£) 12650¢C 2.29x + 3.44 5.44

@ 15.0 (e) ‘ 11700C 0.81x + 0.04 2.44
(£) 126590¢C 2.55x - 0.38 3.57

¢ 35.0 (e) 11700¢C 0.82x. + 0.21 2.64
(£) 12650¢C 2.47x + 2.80 2.07

reference plot for comparison:

]

static silica rod in Al1-5.0 at 7% Fe
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Fige 4e3elele Symmetric growth of product layer with increasing
time of reaction at 860°C.

Specimen: 5,0 mm. in diameter.

Pime: (a) - 2 minutes
(b) - 5 minutes
(¢) = 20 mimutes
(d) - 30 minutes

x 8 approximately

F-28



(a)/ 2min

(b)/ 5 min

(c)/ 20 min

(d)/ 30min



Fige 434142, Spherical segments of product phases mucleated at first

contact of silica with liquid aluminium
Specimen: 10 mm, in diameter.

temperature: 81500; time: 2 mimutes

Pige 4e3¢1e3. Example of delayed reaction from some portion of the
silica surface, possibly as a result of adhesion of

the melt surface film of aluminium oxide.

Fige 4e3e1e4s Lateral growth of spherical segments.
Specimen: 10 mm. in diameter

temperature: 815°C; time: 5 minutes,

F-29






Fig. 4.301 050

Fig. 4—.301.60

Fig- 4e3eleTe

Continuous layer of reaction products. Note Al-rich
phase segregated on boundaries of individual large
grains.

Specimen: 10 mm. in diameter.

temperature: 81500; time: 15 minutes.

Continuous layer of reaction products formed very rapidly.
Specimen: 3.0 mm. in diameter,
temperature: 860°C; time: 2 minutes.

Etched in etchant 4 - (Table 3.5) for ~1 minute.

Large grains of recrystallized alumina with radially
orientated Al=-rich dendritic pools. Evidence of
aluminium filled cracks without recrystallization of
the alumina in near vicinity.

Specimen: 5.0 mm. in diameter.

temperature: 81500; time: 30 minutes.

F-30
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Fige 4¢341.8, a=c. Scanning electron micrograph of different fractured
' | specimens shovwing columnar cells of alumina,.
Penetration of aluminium is in the arrowed direction.
In some areas (b) the metal had peeled off, probably
due to lack of bonding (wetting) at the oxide/metal

interface.

Specimens: (a) 3.0 mm. in diameter.
temperature: 840°C;
time: 10 minutes MAG. 1250x.

(b) 5.0 mm. in diameter.
temperature: 84000;
time: 10 minutes MAG. 1250x.

(¢) 10 mm. in diameter.

0
temperature: 840 C
time: 10 minutés MAG.800x.

F-31
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Fig.4.3.1.9. Cracking during reaction. Large radial recrystallization

with shrinkage and associated porosity.

Specimen: 3.0 mm. in diameter.
o, .
temperature: 8 15°C;

time: 25 minutes MAG. 50x.

Fig.4.3.1.10 Non-symmetric interface of unreacted silica/product
layer caused by cracks occurring during reaction
(arrowed) . Penetration of aluminium is prevented from

access to complete the reaction symmetrically.

Specimen: 5.0 mm. in diameter.
o)

temperature: 840°C;

time: 25 minutes MAG. 80x

Etched for 2 minutes in etchant A - Table 3.5.

Fig.4.3.1.11. The porous interaction front formed at silica surface.
Aluminium penetrates readily to the silica surface

through this front.

Specimen: 10 mm. in diameter.

temperature: 840°C;
time: 20 minutes MAG. 120x.

Etched for 3 minutes in etchant B - Table 3.5.

F-32
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Fig. 403010120 (8.)

(v)

Irregular radial growth of the product layer.
Aggregaté'two phase structure penetrates inside
the silica enveloping it.

Broken plates of primary silicon precipitated in
the bulk metal; the eutectic is relatively coarse.
The lateral spread of protrusions with thickening
of the product layer.

(a) sSpecimen: 10 mm. in diameter.
temperature: 86000;

time: 5 minutes

(b) Specimen: 10 mm. in diameter.
temperature: 86000;

time: 1 minute.
(¢) Specimen: 10 mm. in diameter.

temperature: 86000;

time: 10 minutes.

F-33
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Fige 4e3¢1413. The development of the coarse matrix during reaction.
Auninium (removed by etching) segregated at
boundaries of the grain and associated with a dense
structure similar to that of the interaction front.
Specimen: 5.0 mme in diameter.
temperature: 815°C;

time: 10 minutes MAG. 120x.

‘Btched in etchant B for ~2 minutes - Table 3.5.

Fige 4¢3e1414. Si-rich interface of interaction front/unreacted silica.
Abundant silicon-rich metallic - pools precipitated radially
within the coarse matrix.

Specimen: 3.0 mme in diameter.

temperature: 84000;

time: 12 minutes MAG. 63x.

F-34






Fige 4.341.15.

Elemental Al and Si x-ray map and corresponding line
scanning for a specimen 3,0 mm., in diameter reacted at
760°C for 25 mimutes. Note the Si depletion

corresponding to the increasing Al-line. The lines on

" the maps denotethe approximate scanning path.

(a) General view Mag. 2500x
(b) Al x-ray map.

(¢) Al-line scamning pattern.
(d) 8i x~ray map.

(e) sSi-line scanning pattern.
(f) Al + Si x-ray map..

(g) Full spectrum line scanning.

F-35
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Fig.4.3.1.16. Deep etching (see Fig. 4.3.1.4.) indicating highly
porous product layer with alumina phase, possibly
theta alumina. Note the porous texture which will

allow free flow of aluminium.

‘Mag. 320X

Etched for ~15 minutes (Table 3.5, etchant B)

Fig.4.3.1.17. Effect of etchant B on preparation of a specimen for
microscopic observation. Note the decrease in

resolution. (see Fig.4.3.1.11).

Mag. 120X

Etching time: ~5 minutes (Table 3.5)
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Fige 4314184

Figo 40301 0190

large grains zrowing in the coarse matrix. Metal
segregation occurs at boundaries of the grains.
Porous distribution in the grains and surrounding
matrix contrast.

Mag. 100x

Specimen: 5.0 mm. in diameter.
temperature: 81500; time: 40 minutes.

Etched in etchant A for ~3 minutes.

This micrograph is a higher magnification of an area in
Fig. 4¢3.1¢1,c. The dominant large grains are theta
alumina, The neighbouring matrix is partially
transformed into alpha-alumina. The metallic phase
(white) is aluminium, precipitated at grain boundaries

and in dendritic pools.

Mag. 80 x

F-37






Figo 4-03.1 020, e

. D

Ce

Specimen 5,0 mme in diameter previously reacted at
840°C for 15 minutes and heat treated at 1220°C for
7 hours. Residual aluminium in the original
product layer has reacted with remaining silica
promoting total conversion. Note the "old" inter-
action front marking the outer limit of the "newly
reacted system".

Mag. 63%

The interior of the "newly reacted system" with no
means for diffusion, silicon largely precipitates
together with some excess of aluminium still present
with alumina sub-structure.

Mag. 320x

Portion of the "old" interaction front at higher
magnification. Note the Al-rich edge of the main
product layer. This implies that aluminium travelled
beyond the "old" interaction front through the inter-
face of the unreacted silica/interaction front. Due
to depletion of aluminium, silicon precipitates in a
continuous layer along the "old" interaction front.

Mag. 100x

F-38






Tige 4e3e1+21. Discontinuous precipitation and agglomeration of
silicon particles along structure defects (cracking,
grain boundaries).

Mage. 50x

Fig. 4e341.22. Branching of silicon precipitates in the interior of
a large grain originally formed at 840°C. Wote
basis of the grain (periphery of the rod) with silicon
which, in the absence of aluminium, forms a continuous
layer of agglomerated particles with the alumina,
Mag. 7TOx

Fige 4e3e1e23+ Silicon precipitated in the original matrix and is
interconnected with the interior of a large grain

by branching. Note the silicon boundary, similar to
the "old" interaction front,

Mag. 120z

F-39






Fig.4.3.1.24

Fig.4.3.1.25

Electron scanning micrograph shows elongated cells
of alumina in the coarse matrix. Spheroids are
solidified pure aluminium squeezed out from the
sintered matrix. Mag. 2500X.

Non-wetting behaviour of molten aluminium on alumina.
Silicon does not appear to have any effect on the
wetting as silicon has also been squeezed out from

the product layer and partially spherodized on the
surface of the rod. Mag. 63X.

F-40






Fig.4.3.1.26. Completely reacted specimen 5.0 mm in diam. reacted
" at 1170°C for 45 min. The product phases extend
radially from the converted centre. The same path
is used by the aluminium flow but in the opposite
direction.

Mag. 50 X.

Fig.4.3.1.27 Spherical segments nucleated at first moments of the
reaction. :

Specimen: 3.0 mm in diam.

temperature: 1265°C; time: 1 min.

Fig.4.3.1.28 Lateral growth of the spherical.segments into a
continuous product layer.

Specimen: 10 mm in diam.

temperature: 126500; time: 2 min.
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Fig.4.3.1.29,a.

[y

Random growth of the interaction front at the
beginning of the reaction with lateral spreading
of the product layer.

Specimen: 5.0 mm in diam.

temperature: 1170°C;  time: 5 min.

Continuous growth of the product layer.
The interaction front has partly been left behind
without recrystallization.

Specimen: 3.0 mm in diam.

temperature: 1220°C; time: 5 min.

With time of reaction the interaction front becomes
more uniform in thickness. - Note recrystallized
region in the front. A similar effect is present
in the regions left behind during reaction.

- Specimen: 10 mm in diam.

temperautre: l220°C; time: 15 min.

Etched in etchant B -~ Table 3.5 for ~15 min.

F-42






Fig.4.3.1.30. Interaction front composed of two layers. Both
layers are very fine in comparison to the porous
recrystallized coarse matrix left behind with
progress of reaction.

Mag. 120X. ,
Specimen: 3.0 mm in diam.

temperatureilllooc; time: 40 min.

Figs.4.3.1.31,a. Recrystallization takes place within the inter-
action front during reaction. Alumina phases act
as nucleant for silicon in a pool of aluminium rich
metallic phase. Cracks which occurred during reaction
are filled with metallic phases.

Mag. 240X.
Specimen: 10 mm in diam.

temperature: ll70°c; time: 30 min.

b. previous island structure at higher magnification:

X400
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Fig.4.3.1.32. Elemental Al and Si X-ray maps and corresponding
line scanning results for a-specimen 5.0 mm in diam.
reacted at 1220°C for 15 min. The lines on the maps
denote the approximate scanning path.

’ i

a. General view. Mag. 160 X
b. Al X-ray map.

c. Al line-scanning pattern.
d. Si X-ray map.

e. Si line-scanning pattern.
£f. Al %”Si full spectrum.

g. Full spectrum line-scanning.

1,2. EDAX patterns at two different points near to
the unreacted silica surface.

F-44
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Fig.4.3.1.33,a. Fine interaction front, double layer, apparently

Fig.4.3.1.34

Fig.4.3.1.35

bonded to the unreacted silica. The layers
are separated by a film of pure silicon (outlined).

Mag. 1250 X.

b. EDAX pattern shows silicon as the only phase

present in the outlined region of the previous
structure.

Sbecimen: 10 mm in diam.

temperature: 110°C; time: 120 min.

Growth of the product layer in a radial
manner. The texture is orientated radially
allowing the reacting and product species to
counter-diffuse readily into and from the
interaction front.

Mag. 80 X.
Specimen: 30 mm in diam.

temperature: 117OOC; time: 25 min.

Columnar growth of the coarse matrix from trans-
formed interaction front. This frequently extends

" right up to the original surface of the silica rod.

Mag. 2500 X.
Specimen: 30 mm in diam.

temperature: 11700C; time: 10 min.
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Fig.4.3.1.36. Columnar alumina texture in the product layer.
Mag. 5000 X.
Specimen: 5.0 mm in diam.

temperature: 1265°C; “time: 10 min.

Fig.4.3.1. 37 Radial counter flow in streams of silicon following
the columnar texture of the coarse matrix.

Mag. 320 X.
Specimen: 10 mm in diam.

temperature: 126590; time: 15 min.
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Fig.4.3.1.38. Elemental Al and Si:x-ray maps and corresponding: line
scanning for a specimen 3.0 mm in diam. reacted at
1110°¢ for 15 min. 'The lines on the maps denote the
approximate scanning path. '

(a) General view. &ag. 600 X
(b) Al x-ray map. ]
(c) si k-iay map.
(d) Al line-scanniné pattern.

(e) Si line-scanning pattern.

(£) - .. Full spectrum line scanning.

(L), (2), (3) EDAX patterns at threefdifferenﬁ

points near to the unreacted
silica surface.
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Fig.4.3.1.39. Cross-section o'cf) a specimen 5.0 mm in diam.
reacted at 1170 C for 30 min.
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Fig.4.3.1.40.

Fig.4.3.1.41

Scanning electron micrograph of a delayed recryst-
allized region left behind the interaction front
during progress of reaction - see fig.4.3.1.29,c.
Columnar cells of alumina radiate from core with
mounds of Al-Si alloy. Silicon has precipitated on
periphery of the core.

Mag. 2500 X

Specimen: 10 mm in diam.

temperature: 122090; time: 15 min.

Coarsened matrix interface with the fine
interaction front., Note the irregular development
of the alumina columns embedded in a metallic
dendritic shape phase. Circular colonies of
alumina have developed ultimately. See Fig.4.3.1.39
(height (a)). .

Mag. 400 X
Specimen: 5.0 mm in diam.

temperatﬁre: 117OOC; time: 30 min.
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Fig.4.3.1.

42,a Elongated alumina cells embedded in an

Al + Si metallic phase.  The cells are disposed
in a tortuous manner and interconnected to a
certain extent.

Mag. 120 X

Electron-scanning micrograph shoWing agglomeration
of alumina cells.

Higher magnification of microstructure b.

Specimen: 10 mm in diam.

temperature: 1110°¢; time: 20 min.
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Fig.4.3.1,43 ,a.

Aluninium dendrite, close to the original
periphery of the silica rod.mag.2500x

EDAX pattern of marked region (x) shows aluminium
as the element present.

Singular branches of an aluminium dendrite.

Mag. 5000 X

Specimen: 10 mm in diam.

temperature: 122Q°C; time: 45 min.
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v
Fig.4.3.1.44. Circular colonies of alumina cells - see
" Fig.4.3.1.39 (height b).

Mag. 320 X

Fig.4.3.1.45. Al + Si distribution within alumina colonies.

Note Si as primarily precipitated from a Si-rich
Al-Si alloy.

See Fig.4.3.7.29,c. Mag. 120 X
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Fig.4.3.1.46,a. Electron-scanning micrograph of elongated alumina
cells grown in colonies of circular shape embedded
in Al-Si metallic phase.

Mag. 2500 X. See Fig.4.3.1.45.

(o) EDAX pattern of marked region shows silicon
as the element present.

(x) EDAX pattern of marked region shows Al-rich
Al-Si metallic phase.

b. Better resolution of elongated cells of alumina.
Related to the previous microstructure.
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Fig.4.3.1.47.

Fig.4.3.1.48.

Fig.4.3.1.49.

"Spider-web" Al-Si eutectic microstructure developed
during cooling. Related to the decrease of silicon
concentration in the Al-Si metallic phase across

the coarse matrix towards periphery of the rod.

See Fig.4.3.1.39. Mag. 400 X.

Columns of alumina extending right up to the
external surface of the product layer. The
region is Al-rich.

Mag. 320 X.

Specimen: 10 mm in diam.

temperature: 1265°C; time: 55 min.

Bulk metallic phase attached fo the reacted
silica rod. Aluminium dendritic regions with
silicon in Al-Si eutectic. Mag. 63 X.

Specimen: 3.0 mm in diam.

temperature: 111000; time 10 min.
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Fig.4.3.1.50, (a)

(b)

(c)

Interrupted continuity of the product layer of
a specimen 5.0 mm in diam. reacted for 40

" minutes at 920°C. Note unreacted silica out-

lined on periphery of the rod and left behind
unconverted as reaction progressed.

Mag. 32 X.

Interface of unreacted silica/product layer, at
higher magnification (80 X). Impingement of
spheroids protruding inside the silica. Contour
of segments with non-recrystallized phase -
similar to that commonly observed in the inter-
action front developed at lower temperature
reaction.

Detail -of impinging columns.

Mag. 100 X.
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Fig.4.3.1.51. Interface of unreacted silica/product layer. Columnar
lathes of the product layer are sidewise limited by
precipitated silicon and protrudes inside the
silica.

Specimen: 10 mm in diam.
temperature: 9200C;
time: 90 min.

Mag. 63 X.

Fig.4.3.1.52., Large grain growth with boundary precipitation of
aluminium-silicon alloy. Elemental silicon
precipitated at surface of unreacted silica.
Specimen: 5.0 mm in diam.
temperature: 980°C;

time: 90 min.

Fig.4.3.1.53. Morphological aspect of a silicon region close
to the unreacted silica. "Broken plate-like"
particles of precipitated silicon. Silicon is
indicated by EDAX microanalysis (arrow in the out-
lined region). Mag. 800 X
Specimen: 10 mm in diam.

temperature: 98OOC; time 20 min.
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Fig.4.3.1.54 (a) Precipitation of cuboid particles of inter-

()

(c)

mediate phase on the surface of the fine
interaction frgnt. Specimen 5.0 mm in diam.
reacted at 980 C for 120 min: . Mag. 1250 X;

¥iew of cuboid particles at higher magnification
2500 X; energy-dispersive microanalysis of a
cuboid (arrowed) indicates and (Al + Si) - rich
constitution;

cubes of intermediate phase on the surface of
the interaction frong of a specimen 10 mm. in
diam. reacted at 980 C for 120 min; Mag. 5000 X;

" energy dispersive microanalysis of a cube

(arrowed) shows Al + Si constitution.
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o
FIG. 4.3.2.1., a. Cross-section of a specimen reacted at 1220 C for 15
minutes. The silicon concentration in the starting

aluminium was 10 atomic %.

b. Detail of the double layer fine interaction front with

the coarse matrix left behind. Mag. approx. 80x
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FIG. 4.3.2.2. Symmetric progression of the»reaction between liquid
Al - 5.0 atomic %Fe alloy and vitreous silica at.ll7OOC.
The time of the reaction was 105 minutes. The products
rédiate from a clearly identified interaction front in a
columnar manner with the metal phase distributed in

perpendicular streams. Mag. 32x

FIG. 4.3.2.3. Cross-section of a specimen reacted at 126SOC for 60 min.

The aluminium contained 15 atomic %Mn. Mag. 63x

FIG. 4.3.2.4. Fine and irregular double layer in the interaction front.
Columnar coarse matrix with parallel distribution of the

. metallic phase. Mag. 220x

Specimen: Al - 10 atomic %Fe

Temperature: lllOOC ; time: 240 min.
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FIG. 4.3.2.5.a.Selective coarsening occurs within the slowly moving
interaction front. Some portions of the fine structure

remains behind in. the coarse matrix.

Specimen: 1O atomic %Mn
o .
Temperature: 1220 C ; time: 120 min.

Etched for approx. 10 min. in 6% bromine alcohol Table 3.5.

b. Detail of selective coarsening within the interaction
front. Radial crack occurs during reaction promoting the

recrystallisation. Mag. 400x
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FIG. 4.3.2.6, a. Elemental line-scanning distribution of Al, Fe and Si
across the interaction front of a specimen reacted for
. (¢] - . . .
-20 minutes at 1220 C. Initial concentration of iron in the

liquid Al -~ Fe alloy: 5.0 atomic %.

a. General view. Mag. 200x

b. Si scan line pattern

c. Al scan line pattern

d. Fe scan line pattern

e. Full spectfumvscan line pattern
(1),(2),(3). EDAX patterns at 3 different marked positions across

the interaction front.

F -6l



9 13SEC 244291 N7
vS:25068 HS: 28EV/CHE

21SEC 38450INTH
VS5:2500 HS: 20EY/CH

e 24SEC 381431INT
ys:250808 HS: 20EV/CH

Al Si (3) Fe



FIG. 4.3.2..6, b.

Elemental Al,Fe and Si x-ray maps and corresponding

line scanning across the interface of the interaction

front with the recrystallised coarse matrix of a

“specimen reacted for 45 min. at 1220°C. Initial

concentration of iron in the liquid aluminium - iron

alloy: 10 atomic%. The lines on the maps denote the

approximate scanning path.

..
d.
e.
£.
g.
h.

(1),(2).

General view ‘Mag. 2500x
Al - line scanning pattern
Si - line scanning pattern
Fe - line scanning pattern
Full spectrum line scanning pattern
Si X-ray map
Fe x-ray map

Al + Fe + Si x-ray map

EDAX patterns at 2 different marked positions

across the interaction front:

esese

-

cocee

N

Al Si Fe
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FIG. 4.3.2.6, c¢. Elemental line scanning distribution of Al,Fe and Si
across the interface of the interaction front with
recrystallised matrix of a specimen reacted at 1220°¢
for 90 min. Initial concehtration of iron in the liquid

Al-Fe alloy: 15 atomic%.

a. General view. Mag. 1lOOx
b. Al line scanning pattern
c. Si line scanning pattern
d. Fe line ;panniné pattern
(1),(2),(3) . EDAX patterns at 3 different marked positions

near the unreacted silica surface.
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FIG. 4.3.2..6, d. Elemental Al, Mn and Si x - ray maps and corresponding
line scaﬁning patterns across the interaction front of a
specimen reacted for 30 minutes at 1220°C. Initial
concentration of manganese in the Al-Mn alloy: 5.0atomic%.
The lines on the maps denote the approximate scanning

path.

a. General view. Mag. 400x
b. Mn x -ray map

c. Al x -ray map

d. Si x -ray map

e. Si line scan pattern

f. Al line scan pattern

g. Mn line scan pattern

(1),(2). EDAX patterns at 2 different marked positions across the
interface of the interaction front with the'coarse

matrix.
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FIG. 4.3.2.7, a. Ternary Al-Fe-Si eutectic valleys formed from the reaction
between liquid Al-10 atomic%Fe and vitreous silica at

117o°c. Time of reaction: 60 min. Mag. 800x

b. Cells of alumina in a eutectic valley at higher magnification.
Specimen: 10 atomic%Fe

Temperature: 12200C ; Time 75 min.

Mag. 1250x
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FIG. 4.3.2.7, c. Ternary Al-Mn-Si eutectic valleys formed from the
reaction between liquid Al-5.0atomic%Mn and vitreous
silica at 1265°C. Time of reaction: 30 min.

Mag. 1250x

d. Detail at higher magnification of ternary Al-Mn-Si

eutectic and alumina cells. Mag. 2500x.

e. Detail of alumina cells in the reaction system

Al - 5.0atomic%Mn - Si02. Mag. 2500x.
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FIG. 5.1.1. Idealized scheme of a cross-section of a 75% converted silica
rod lo mm in diameter by liquid pure aluminium at any reaction

temperature.

F - 67



Columnar growth
of alumina cells

Al




FIG. 5.1.2. Calculated values of hypothetical reaction rate constants.
See Appendix A-5.1. Comparison to calculated values of k

for different sizes of rod versus temperature. See FIG. 4.1.2.4.
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FIG. 5.1.3. Thermodynamic relationship between the equilibrium constants
and temperatures for processes possibly involved in the

intermediate and higher temperature reactions.
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FIG. 5.1 4. Projected Liquidus relationships for the A1l - Mn - Si02
reaction systems taken from the A1l - Mn and Al - Mn - Si
equilibrium phase diagrams , Figs. 2.7. and 2.9

respectively.
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FIG. 5.1.5. Projected Liquidus relationship for the Al - Fe - SiO"
reaction systems taken from the Al - Fe and A1l - Fe - Si
equilibrium phase diagrams, Figs. 2.8 . and 2.18.,

respectively.

F-T71



APPENDIXES

11750 °k
1700
1600
| £ tur
emperature
— 1500
studied
1400
S ICRIRSEL _1300
- — 1200
1100
1000
900
| 100 Si
‘Al/Fe

MASS °, Si



Appendix A-2.1 — the derivation of the parabolic rate equétion

‘for the control of reaction rate by the

‘diffusion of reactants through a solid product

layer.

The rate of diffusion of an ionic species I across a
plane at right angles to the diffusion direction is given by
Fick's law:

g =-p2& A-2.1.1
r .
where J is the flux of I-ionic species through the plane, D is
the diffusion coefficient and 39C/0r is the concentration gradient

of I across the plane in the direction of diffusion.

A simple case is where a layer of new phase is formed
and diffusion occurs through it, while the concentration of the
diffusing species at the boundaries of the layer remains constant.
Equation A-2.1.1 may then be integrated to obtain the flux of
species I through the produét layer:

c, - C2
J =D —W—— A-2.1.2

where Cqy and 02 are the concentrations of I-species at interfaces

1 and 2, respectively, where C1 > C and Ar is the product layer

s
thickness. It should be observed cht equation A.2.1.2 is only an
approximated form to express the flux of species I through a

solid and interconnectedly porous product layer, since it supposes
a constant gradient AC and that diffusion processes occur uni-
-dimensionally. In actual fact the form of equation A-2.1.2 depends

upon the geometry of the system. This has been referred to in section 5.

If V is the volume of product per I-ion and C 1is the

concentration of I-ions, then
v = L/g | A-2.1.3

The rate of thickening of the product layer is given by:

A-1



(c, - ¢C,)

ddr _ yoy -p—L 20 .y A-2.1.4

dt Ar
or

dir _ . €17 %) 1 A-2.1.5

dt C Ar o
but

(c1 - cz)
De ————— = k. = constant A-2.1.6
C D

so that

dAr _ 1

T kD AT A-2.1.7
Integrating it gives:

2
r =2 k_ t A-2.1.8

the parabolic law of diffusion, which applies only to one-
~-dimensional diffusion, when the geometry of the interface does

not alter during the reaction. Stoichidmetry and different densities
of both products and reagents were not considered when deducing

equation A-2.1.4.

A=2



Appendix A-2.2 — Jander's model for diffusion - controlled

‘reactions

Jander applied the parabolic law to powdered compacts,
and it is worth considering in detail the assumptions necessary

in deriving his formula:

i. the reaction can be classified as an additive reaction

.

with compound formation, i.e. solid solution does not

occur;

ii. nucleation followed by surface diffusion occurs at
temperature below that required for bulk diffusion, i.e.
a coherent product layer is present before bulk diffusion

commences;

iii. the solid state reaction is bulk diffusion controlled,
i.e. the chemical reaction at the phase boundary 1is
considerably faster than the transport process;

iv. bulk diffusion is uni-directional;

v. the reacting particles are all spheres of uniform radii;

vi. the ratio of the volume of the product layer to the

volume of the reacted material is unity;

vii. the increase in thickness of the product layer follows

the parabolic rate law;

viii. the diffusion coefficient of the transported species 1is

time-independent;

ix. the activity of the reactants remains constant on both

sides of the reaction interface;

x. the surface of the component in which the reaction takes

place is completed coated with particles of the other

A-3



component as though the former particles were immersed

in a melt of the latter.

Let V be the volume of unreacted material at time t. Then

- 4 - 3 -
vV = 3 1T(ro Ar) A-2.2.1

or in terms of fractional conversion,

- & 3 _ -
vV = 3 T T (1 Rx) A-2.2.2
where Rx is the fractional conversion completed at time t and

r is the initial radius of the unreacted particle.

Rearranging both equations, i.e.

(ro - Ar)3 .
1 - R = A-2.2.3

r
[0}

and substituting Ar by its expression in equation A-2.1.8., then,

y 2
/3j A-2.2.4

2
2kpe/ry = [1 - (1 - R)

A-4



Appendix A-2.3 chemically-controlled reaction model

If the hypothesis is made that the reaction is controlled
at the phase boundary product layer/unreacted material, a rate

equation that fits the experimental data may be derived.

Let r” be initial radius of a spherical particle with
initial densit% P - Assume that the rate of formation of a
uniform product layer is proportional to the receeding interface
area S of the remaining unreacted material. If W is the mass of

that part of the original material that has reacted, then:

= k S A-2.3.1

where k is a proportionality constant having the dimensions
-2 -1cC .
ML t and which is dependent upon the temperature, pressure

and reactant concentration. From this, it follows that

= k t A-2.3.2

r P c

Ar
(o] o r

o

where Ar (= ro - r)/ro is the ratio of thickness of the
product layer to the initial radius, and r is the radius of the

unreacted material.

The fractional conversion R of the unreacted material

X
is defined as the mass W of reacted material, divided by the
total mass W% of material originally present, before reaction

started. Thus ,

3 4 r JArv A
Vrrr o - r -r 1
Rx = WP-= 2 4 A-2.3.3
o =Y
3 o
re arranging
Ar 3
1 - R = (1 - —") A-2.3.4
X rO



or
Ar Y5

r—o' =1 - (1 - RX) A-2.3.5

Substituting in equation A-2.3.2, thus
. 1 /3
1 - (1 - RX) = kct/ropo A-2.3.6

This equation states that, at the phase boundary, the
amount of unreacted material reacting per unit area per unit
time is constant or that the reaction interface advances

linearly, i.e. at a constant rate,

The same equation can be derived for a disc reacting

from the edge inward or for a cylinder:

;—
- - 2 = -
ropo Ll (1 R ) kct A-~2.,3.7
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APPENDIX A-3.1. OXIDIZING POTENTIAL CALCULATIONS FOR THE
EXPERIMENTAL INERT GAS CONTROLLING ATMOSPHERE.

The oxidation of liquid aluminium may occur according to

reaction

o AL .+ 3 0 = AL.O A-3.1.1.
)y 2 "2 273 (4)

for which the standard free energy change is found to be
AG® = 376000 - 61.56 T (f.en.u)
At the extremes of both experimental intervals, ie. at 760°cC

(1033 K) and 1265°C (1538 K), AG®° - values are respectively

AG? = -312408.5 (f.en.u) and ch = -281628.5 (f.en.u).

The equilibrium constant of reaction A-3.1.1. may be
expressed as

k A-3.1.2.

Substituting this expression in the Free Energy equation it gives

AG® = RT £n

A-3.1.3.

ro, %

and the equilibrium partial pressure of oxygen per fraction mol

of gas and at temperatures may thus be calculated:

a) T, = 1033 K .... -312408.5 = -1.987 x 1033 x| - {} Zn p,. |
02
or p = 8.56 x 10_45 atm B
0
2
b) T, = 1538 K .... -281628.5 = -1,987 x 1538 x| - {% £n p. |
0y
or p = 5.87 x 10—26 atm
0y

Assuming the maximum oxygen mass content in the commercial high

purity argon as 0.005%, the oxygen molar fraction will be given

by



02 Zmasst/MO2
N0 T + n = ZmassO A-3.1.4.
2 02 Ar 100 ° 2
¥ T T
Ar O2
where NO is the molar fraction
2
n is the number of moles
02, Ar
M = 32; M = 39.94 are the atomic mass of oxygen and
O2 Ar

. argon respectively
substituting and calculating it gives

N 6.24 x 10 °

0

2

and thus

6.24 x 10 ° x 1 atm = 6.24 x 10 ° atm

p
0,

Although the value of the oxygen partial pressure, due to its
content in the inert gas,is markedly higher in comparison to the
calculated values for pure oxygen and at temperatures and for
reaction, there will still be a great oxidizing potential of the

gas mixture and so aluminium oxide will be formed.



Appendix A-4.1. : Linear regression analysis

If the regression line equation is given by

y=mx + c A-4.1.1

It can thus be shown that the slope m and y—-intercept c¢ are determined

a follows:

N N N
N Zx.y. - ZxX. 2V.
- i=11" 1t i=1% j=11 A-4.1.2
m—
N N 2
N .Z.x% - .Z.x
i=1 =1
Where

N = number of observations on the regression line
N
TX.

- _ i=1t

X = average x value =
N
N
Zy.

= _ _ i=1

y = average y value =
N
N
pa xi

6§ = variance of the x values = 1=1 - §2
N

c = § - mx . A-4.1.3

The degree of association between the random variables (Xi’ Y5

(Xn’ yn) is measured by the correlation coefficient r and is

calculated using the expresion

A-9



Wher e

N 2
Z
_ i1¥? -2
ay = variance of the y values = ----——---—- -y
N
By rewriting equation A-4.1.4. in terms of equation A-4.1.2.
then
m a
x A-4.1
r = -————————-
or
r °¢ a
B = - y A-4.1
a
y
Using this expression, the linear regression curve, equation
A-4.1.1. may be expressed as
y = x + c A-4. 1.7

Both equations A-4.1.5. and A-4.1.7 determine the best 1linear
curve fit and assess the degree of association between the
variables and the linear equations. As previously mentioned,
the value of r measures the "degree of fit" of the given point

to the 1least-squares straight 1line.

When r = + 1, the correlation 1is said to be exact.

When r = 0, however, the variables are said to be uncorrelated

with a linear equation.



APPENDIX A-5.1

Notation

r*

Sh

Sio

surface of the reacting silica

dimensionless concentration of silicon (=Csi/CT)

molar concentration of reacting silica

total concentration in the mixture where diffusion
takes place, i.e. in the Al-Si alloy

diffusion coefficient of silicon through liquid
aluminium-silicon alloy :

effective diffusion coefficient of silicon
through the porous product layer

total flux of aluminium expressed per unit of
the receding area of the silica

total flux of silicon liberated by reaction
between silica and aluminium

molar flow of silicon per unit height (length)
of the reacting cylinder

apparent reaction rate constant
length

molecular mass of reacting silica
radius of the reaction interface
original radius of the rod

fractional radius

fractional radius

universal gas constant

Sherwoood number ( = «.d/D) m.s ~.m.m -.s
time

absolute temperature

distance between the receding silica surface
and the external surface of the rod

mass of the reacting silica at any time of the
reaction :

A-11

SI-units

M2

mol.cm
mol.cm

3
m .sec

3
m. .sec

kg.m-z.sec

-1
-2 secC
moles.m .

kg.m—z.sec—

m

kg

dimensionless

dimensionless

-1 -1
kJ.mol lK
dimensionless
sec

K

kg



APPENDIX A-5.1 (Cont.)

Notation

o«
Si,Al

mass transfer coefficient of silicon through
aluminium-silicon alloy

porosity

thickness of the thin stagnant film of liquid
surrounding the specimen

density of the reacting silica

tortuosity factor

A-12

SI units

kg.m

dimensionless



APPENDIX A-5.2 Calculation of hypothetical reaction rate constants

Hypothetical reaction rate constants have been calculated from equation
(5.1.25):

. M_.
DSi/A1XCT IV i - (¥Silb 510,
. = A - 5.1.

& sh + o.20.—§L\ﬁ

Section 5.1.2. shows that the following data are to be used:
21.78 kJ.mol

-3
1.1, Y = 0.15, 2 x 10 exp
;EZE‘Z’(:’ RT :JD

Sh =~ 0 ; ro = 0.5cm

In addition, we will require values of CT,]Mqvn (Y ) and (Y )

9 ' Si’ i "si
CT is the molar density of molten aluminium and is:
-3 — -2 -3
CT = 2.4 gm.cm /27 gm.mol”‘L = 8.9x10 mol .cm
M . is the relative molecular mass of silica:
2
MSiO = 60 gm.molS%O,

The Y values are to be calculated from equation (5.1.8.)

01
4 *
I @ - - 1csig
Si
b )I is to be calculated from the value of (CS,) K which is the mole
1 1

fraction of silicon in the liquid alloy at the liquidus taken from the phase
diagram shown in Figure 2.1.

(Ysi) £ 1is to be calculated for conditions in the bulk liquid where @qi%
Si'

is =zero.

The values of these variables actually used to calculate the values of k
from which the dotted line in Fig. 4.1.2.4. has been drawn are shown in
the table below:-

femperature oo i ysi i psi/al, 2 -1 k Pkg.m"2s"i
/cm .S
750 0.23 0.22 1.54x10~4 24.7x10 4
800 0.27 0.26 1.73x10~4 32.8x10~4
850 0.32 0.30 1.93x1o"4 12.2x10 "

A-13



APPENDIX A-5.3. Thermodynamic data and calculations for the possible
existence of the intermediate crystalline cubic phase
Si-Al (spinel) during reaction between silica and

aluminium

The two processes assumed to be involved in the reaction system are as

follows:
(1) 3(3A1203.28102) + 8 Al = 13A12O3 + 6 Si
o : -1
AG™ = 1417.3 + 0.62T kJ.mol
0+ _ .
(2) 38102 4A1 2A1203 + 3 Si
AC = 767 + 1.44.10 T kJ.mol *

Since (3Al_0..25i0.), Al,O. and SiO, are pure, their activities are unity

and a common equil%brium constant for both processes may be simplified to
the expression: 3
a
ko= S
eq.
' aar.

The change in free energy corresponding to the reduction of the spinel
phaseoand silica by liquid aluminium %s related to the equilibrium constant
by AGT = RT n kéq' Substituting AGT by its respective expressions above

and where T varies for 1000 to 1673K, the values of k

ey for both processes
and from which Fig.5.1.3. has been drawn are shown in

the Table below;

(1)

(2)

Temperature K | 1000 1273 1473 1673
.AG?/kJ,molf;/. .197.3 628.0 504.0 210.0
; -
nkeg 5.23x10°% | 5.37x10%° | s.64x10'’ | 7.60x10t
3 st 41.7 25.7 17.9 11.9
si’®a1 e : : :
| Temperature K. | 1000 1273 1473 1673
AP /k3.mo1”t) | 623.0 583.7 554.9 526.7
23
| 3.97x10°2 | 8.22x10 5.67x10%° | 2.80x10°°
a7t 32.6 23.9 19.8 16.5
- 7si’ a1 ) ) ) :
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