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- ABSTRACT

The feasibility " of micropyretic synthesis in Al203-SiC
composites through the slip casting route has been investigated.
Tne slip rheology and combustion kinetics in a colloidal silica
suspended SiOz-Al-C system has been studied as an example of such
processing. Colloidal silica functioned as a binder and also
constituted part of the combustion source in the green compact. The
degree of conversion and porosity l;'éQel of the micropyretically
synthesized product have been found to depend on the rheoclogy of the
suspensions including the solid concentration, particle size and pH
value of the suspensions. The major phases,i-Al,03 and B-SiC, in
 the composite produced iwith this new method were homogeneously
distributed within each other. A modified analytical model for the
slip cast micropyretic s;%stem' has- also been developed considering
slip parameters and the thermophysical and chemical properties of
the reactants. Results dbtained from the model are noted to be in

close agreement with the experimental values.
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1. INTRODUCTION

A significant amount of attention has recently been centered
on the use of the chemical reactions, commonly referred to as the
self-propagating high temperature synthesis (SHS) method, simply
as combustion synthesis (CS) and/or micropyretic synthesis (MS),
for materials processing purposes. MS is characterized by self
propagation of preformed mixture of reactants which are usually in

powder form.

Amongst the forming processing, compaction has received the
pulk of attention while casting technigues have not been used in
regard to MS. In this study, the processing of slip cast combustible

S
slurries is studied for the first time in available knowledge.

In this thesis, the scientific principles that govern the art of
' processing the combustible slurries by slip casting are presented
and discussed. Combustible mixtures of SiC2-Al-C and Cr203-Al-C
at stoichidmetry as well as their combination at different
percentages and SiC dilution as a slip constituent have been chosen
to determine the feasibility of slip casting and micropyretically
synthesizing of these systems to form the Al203-SiC composites.
The Al203-SiC composite has numerous exceptional properties
including high fracture toughness, high melting temperature and
nonreactivity with various liquid metals which make the material an
attractive candidate for high temperature structural applications,

cutting tool material and material for erosive environments.
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Details of the variables affecting the process are discussed
and suggestions and ideas are presented for developing new
techniques to fabricate refractory materials. Processing variables
such as deflocculation level, particle size, amount and type of
combustion source, suspending medium, binders and combustion type
and the temperature were studied in relation to the processing of
slip rheology, casting mechanism, and combustion synthesis and the
final microstructure and the property. A number of relationships
found in the literature were also examined and compared with
experimental results. The modified analytical model of combustion
velccity for slip cast micropyretic system has been developed
considering slip parameters and both thermophysical and chemical
properties for reactants and products. Application of this model to
the micropyretic synthesis of the SiO2-Al-C reaction has been
carried out to study the variation of combustion front with the slip
casting parameter, vol% solid loading. Thé companso—n vwi.th the
experimentally determined values are noted to be in close
agreement. However, the validity of the model is found to be related
to how precisely the thermophysical and chemical properties are

known or determined.

Colloidal silica have been used as a major suspending medium,
binder, and combustion source in the process. Distilled water to
which binder, polyvinyl alcohol (PVA) and dispersant, Darvan-C™

were employed, were also used as a suspending medium.

[§°]



Slips made with colloidal silica did not require any other
pinder and/or dispersant. Submicron particles from colicidal silica
(30 wit% solid), 1430AT™, Nycol Co., had a multifunctional behavior
in the slip and provided reasonable green strength level at cast
bodies for handling. Also this phenomena lead to dense and fine

microstructures at the final product.

All slips were deflocculated by 25 vol% distilled water diluted
hydrochloric acid to determine the casting range at which minimum
slip viscosity was obtained to make the rheological properties
suitable for handling and to allow proper cast formaticn. The
rheological properties have been studied by slip casting suspensions

with pH values ranking from 2 to 11.

The slips suspended with colloidal silica exhibited lower

viscosities as pH decreased . This pH range for the slips of SiOz2-Al-

C system was closely related to solid concentration in the Slljrry_wm'

As scolid concentration increased, the pH range for minimum
viscosities narrcwed and corresponding viscosities increased. The
typical pH range for this micropyretic system was 3 to 5. Addition
of Cr203-Al-C combustion source to SiO2-Al-C system caused
further widening at the pH range with viscosity decrease. SiC
dilution in the same micropyretic system combination gave full
deflocculation at entire pH range below 5. On the other hand,
distilled water suspended slips, minimum viscosities were obtained
at pH values higher than 7 where viscosities were almost same to

the corresponding colloidal silica suspended slips.



Several solid and submicron colloidal silica powder
- concentrations. of slips for. both reaction systems were investigated.
After pH adjustments, slips were cast into plaster mold using both
casting modes, solid and drain casting. Castings were done at three
different pH values where relatively lowest, highest viscosities

noted and at the initial condition for the slip without pH adjustment.

The green bodies fabricated by slip casting were
micropyretically synthe&_slj:zed using both modes of combustion,
thermal explosion and lvw'/—;ave propagation modes. At the thermal
explosion mode, the samples were synthesized by placing the
samples into the tube furnace. For wave propagation mode, the
samples were synthesized by iizgwabr;iiting one end with a propane torch

after preheating the samples.

" The final synthesized products quality were depended on the
microstructure of the slip cast preform. The cast structure defined
with the amount and size of porosity variation which was controlled
in this study by solid concentration of the slurry, defiocculation

level and submicron colloidal silica powder concentration.

The degree of packing density has been found to depend on the
deflocculation level, the solid concentration of the slip and the
submicron colloidal silica concentration.  The agglomeration of
powders in the suspensions increased the volume and size of pores

in the green compacts, resulting in a decrease in the combustion



rate and reaction completeness. With initial porosity higher than
~50%, the exothermic reaction was not self-sustaining when
- synthesized -at -wave propagation mode without preheating. Higher
packing densities have been obtained at higher solid concentration
and colloidal silica concentration in the slip. It has been also
observed that finer microstructures was possible and reaction
completeness could be improved with higher calloidal silica

concentration.

Micropyretic synthesis of both SiO2-Al-C and Cr203-Al-C
systems showed reaction incompleteness and highly porous
structures. The conversion efficiency and porosity level were
function of processing vanables such as slip viscosity, solid loading
and submicron powder concentratlon The major phases, a-Al203
and B-SiC, in the composite produced with this new method were
very homogeneously dxstnbuted within each other almost in the

subrmcron scale

The traditional micropyretic synthesis, powder pressing, was
also performed for a few samples for comparison. 1430AT™ and
polyethylene glycol were used as a binder and optimum pressure was
10,000 psi for the system studied. The results showed that lower
porosity levels and more homogeneous structures were possible by

using slip cast micropyretic synthesis.



2. LITERATURE REVIEW

Powder materials are formed into green shapes using differevnt
techniques which are dictated by several factors such as size,
shape, microstructural requirements etc. In general, forming
techniques can be classified as casting, plastic forming, and
pressing and slip casting techniques have important place among

therﬁ.

Forming process is usually followed by firing in which the
loose mixture of discrete particulate phases into a dense
;_homogeneous structure involves the applicaticn of numercus thermal
treatments. The new emerging technology, micropyretic and/or
combustion synthesis which has been mostly studied for compacted
preforms, promises economic feasibility over the conventional
procedures. The literature review wiil be given on micropyretic

synthesis and slip casting in the foilowing secticns.
2.1.  Micropyretic Synthesis

In chemical reactions that are sufficiently exothermic, the
heat released is adequate tc sustain the reaction of all reactants to
completitn.  Such reacting systems have been extensively studied
and utilized for various uses such as propellants, explosives and
pyrotechnics since the discovery of black powder over 2000 years

ago (1.



A signifibant amount of attention has recently been centered
on the use of these types of reactions, commonly referred to as the
self-propagating high temperature synthesis (SHS) method or simply
as combustion (CS) and/or micropyretic synthesis (MS), for
materials processing purposes. MS is characterized by self
propagation of preformed mixture of reactants which are usually in
powder form. Besides solid-solid reactions, solid-liquid [1.2] and
solid-gas [2-5] reactions are also possible based on the variety of

approaches that may give solid, liquid and gas products [1, 6-18]

After the initial published activities in Germany and USSR on
adop’ging the MS method to produce materials, considerable interest
has been stimulated elsewhere and programs have been initiated in
Japan, the US and Poland [1l. Some of the claimed MS advantages
over the conventional techniques include higher purity of the
products, low energy requirement and the relative simplicity of the

process [8-16],

In MS processing, preforms of the reactant mixtures can be
prepared by conventional methods such as compacting. Then, the
reaction is initiated by an external energy source. Once started at
one end of the preform, the reaction can become self sustaining and
a narrow zore of the reacticn wave propagates throUghout the
sample at a certain rate by leaving behind the reaction product(s) as
- shown in Figure 2.1. This reaction mode, called wave propagation, is
one of the most common mode in MS system in solid-solid highly

exothermic reactions.
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Figure 2.1. Schematic representation of the temperature, degree of conversion, and

rate of heat generation in the combustion wave

Another approach, called thermal explosion mode of reaction,
is used to synthesize relatively low exothermic reactions such as
intermetallic synthesis [19-25]. It involves the heating of the
entire sample up to the ignition temperature at which the reaction

takes place simultanecusly everywhere in the reactant mixture.



The reaction mechanism through heat generation and heat
dissipation are a complex function of thermophysical properties of
the reacting system and the processing variables such as reactant

size, density and thermal environment.

Therefore an understanding of the parameters is critical
involving the processing variables in order to obtain products with

required properties and structures.

This review on MS will be concerned with the wave
propagation mode and compacted systems in which the final product
as well as the initia! reactants are in the solid phase and the
following pages will discuss both theoretical and experimentai

works in the literature.

2.1.1. The Micropyretic Process and Characteristics

MS is a process which utilizes the heat generated by an
exothermic reaction. The heat released from the product formation,
if exothermic enough, enables the reaction to propagate throughout
the sample in the form of a combustion wave. The underlying

thermodynamic principle for this process is basically dependent on

the magnitude of the heat of formation.

As shown in Figure 2.2., the typical processing flow chart

follows powder metallurgy procedures except for the sintering part.
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Figure 2.2. Schematic representation of MS processing flow chart

The MS processing starts with a porous compact of an
aggregates of reactant particles and/or nonreactant diluents which

are based on the required compositions. The reactants are typically

10



metals and/or transition element powders, powdered mixtures of
~ metals and nonmetals or mixtures of a metal and a metal oxide with

a nonmetal or nonmetal oxide.

After forming the compactéd preform, reaction is wusually
initiated at an elevated igniticn temperature, (Tig). Propagation of
these reactions occur over a zone of about 0.1 - 5 mm in thickness
with temperatures often in excess of 2000 °C and rapidly moving

' combustion fronts (e.g. 0.1 to 25 cm/s) [26-37]

Since propagation from local ignition is a basic aspect of
these reactions, it is important to understand parameters
controlling such propagation. While such reactions také place in
powder compacts, ignition, propagation as well as product
character, could be expected to depend on compact microstructures.
In order to predict the dynamic behavior of MS systems under
different operating conditions, detailed theoretical studies are
required. Interest in this method of preparation stems from

theoretical as well as practical considerations.

11



2.1.1.1. Advantages and potential applications

Since forcing by the competitive market to optim'izé materials
and the processing techniques for the broad requirements of
technology ahd saciety, in the recent years, research activities have
been focused on high performance, cost effective and

environmentally secure processing techniques.

There is increasing recognition that MS technologies may offer
an important opportunity for material processing. As an alternative
technique to the conventional fabrication methods, MS promises
economic féasibility by conservation of time, energy and raw
materials over the rest. It is also very versatile for a wide range of
products. In addition to higher purity products, complex or
metastable phases (8] and simultaneous formation and densification

of the desired products [16, 22-25] can be obtained.

The simple and energy efficient nature of the process may save
from costly complicated manufacturing processes and furthermore
bring less hazardous environment. Higher purity of the products is
the result of the high temperatures associated with the combustion
wave along which volatile impurities can be removed. Aiso
formation of metastable phases are possible because of high thermal

gradients and rapid co'oling rates.

Some disadvantages of MS may include presence of high defect

concentrations, nonequlibrium phases [22].  Also large amount of

12
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porosity can be generated by the process because of initial porosity
in the reactant compact, volatilization of impurities or reactants
and volume differences between reactants and product(s). Therefore
additional steps such as active liquid metal exudation [1.5] hot
rolling [26] not pressing [27-31] and sintering [22.31] may be
required.  Also, the most energetic reaction involves high cost
elements like B, Ti etc. In addition, the comlplex nature of MS is
still not understood completely so that much development and

uncertainty remains.

. Regardless of the above, the MS process continues to generate
interest because of current and potential applications. Its wide

applications include

Abrasives, cutting tools and polishing powders [1.7,8]

Shape memory alloys [32.33]; TiN, TiPd

Structural alloys and refractory compounds [34-41]; TiAl, NiAl, TiB2
Coating and welding (17, 42-44]: TiC, TiB2

Composite fabrication [13,15,16, 45-49]: TiB2-Cu,

Electrodes and heating elements [1.7,8]; MoSiz2, TiB2
2.1.1.2. Thermodynamic considerations
MS depends on the magnitude of the enthalpy of formation

[14,35] and requires relatively high adiabatic temperatures (Tad), to

be self sustaining.
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Dependihg on the heat of formation, extremely high reaction
temperatures, commonly referred as combustion temperatures (Tc),
can be obtained during the reaction. Since the reactions occur in a
very short time, the heat loss can be neglected and the maximum
combustion temperature (Tc) can be assumed to be the adiabatic

temperature (Tad) [10].

By considering the reaction between a solid metal A(s) and a
solid nonmetal B(s) to produce compound AB(s), the adiabatic
temperature which characterizes the exothermicity of the reaction

can be calculated from [14,35]

o Tad .
AHT = Cp(AB)dT (2.1)
To

where AH®t, is the enthalpy of formation of AB(s) at Tg=298 °K

(Cal/g) and Cp(AB) is the heat capacity of the solid product (Cal/g
°K). |

A schematic representation of enthalpy with temperature for
reactants and product is shown in Figure 2.3. Figure 2.4. shows the
results of calculations of Tad for selected group of compounds [8].
It has been empirically concluded that reactions will not be self-

sustaining unless AH%1q/ Cpro 2 2x103 °K.
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Figure 2.3. A plot of enthalpy as a function of temperature for an adiabatic micropyretic
process

The latent heat of fusion and the specific heat capacity of the
liquid product should be considered when the adiabatic temperature

is greater than the melting temperature of the product.

Measurements of both the maximum combustion temperature
[21,37,50] ysing thermoelectric methods and the heat of formation

[51-54] using calorimeter have been done experimentally.

There is lack of agreement between the adiabatic temperature
and the experimentally observed combustion temperature values. The
calculated adiabatic temperature values are essentially upper limits
[10] and can be used as a useful design criteria. The main
differences to this lacking agreement are because of assumption
incorporated into the theoretical model, strong dependency to

processing variables and limitations of measuring techniques.
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Figure 2.4. Relationship between AHOTO / CpTo and the adiabatic temperature for
selected compounds (8]

2.1.1.3. Processing parameters

The engineering properties of MS components and nature of the
reaction are affected by the large number of processing variables
that can be classified as material parameters and fabrication
technique parameters. The effect of some of these variabies on

combustion velocity and temperature are given in Figure 2.5. [10].
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Figure 2.5. Effect of (a) stoichiometry, (b) preheating temperature, (c) particle size
and (d) amount of diluent on propagation rate, v and combustion temperature, Tc (19]
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2.1.1.3.1. Material parameters

Powder characteristics like size, shape, compo'sition and
structure strongly influence the nature of reaction and component
properties. Some previously reacted pvroducts may also be added as a
diluent to the unreacted powder mixtures to slow down the reaction

and/or fabricate composite [8,10],

Since the powder particle size and shape determine the
diffuéion distances, they play a significant role in MS processing. In
gevneral, it is desirable to have a broad distribution of particle sizes
in the blend because the smaller ones may fill voids among larger

ones by increasing packing density and material properties.

Various investigations have been carried out to study the
effect of the reactant size. Studies on the Ti +C and Ti + 2B systems
showed that the reactant size determines the propagation rate, the

degree of reaction completion and the nature of the product [11. 55-
57]

Powder purity and structure should also be considered.
Undesirable elements should be minimized since readily oxidizable
element or oxide layers on particle surfaces can form diffusion
barriers which impede the interdiffusion procéss. Hérd particles

may also make the compaction process difficult.
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2.1.1.3.2. Fabrication techniques and related parameters

The kinetics of solid state reaction are dependent on the
homogeneous dispersion and the effective contact area of the
reactants. Therefore, mixing, compacting ways, ignition and thermal

environment conditions are critical steps in the process.

Studies on the effect of the compact density [8,26,55,56] were
carried out in various investigations. It was concluded that there
could be an optimum limit for pressurization as shown in Figure 2.6.
and HIP [26,27,31]-could be useful technique to obtain dense MS
product. Rice et al. [26] have investigated titanium based reactions
to study the effect of the compact déynsity on micropytretic
synthesis. It was found that the maximum propagations rates were
at approximately 60% (+10) of theoretical density of the reactant
compacts. However, as the density of the reactant compact is
further increased, the surrounding unreacted powder provides a high
thermal conductivity path to remove heat from the reaction zone.
The effect of the thermal environment, ignition ways and different
initial preheating temperatures were studied by Yi et al. [10,20]
They investigated the effect of TiO2 formation on the TiNi synthesis
as shown in Figure 2.7. It was found that prior TiO2 formation
triggers the TiNi reactions. They also concluded that higher
preheating temperatures lead to higher combustion velocities gnd

temperatures for NiAl and CuAl reactions.
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Figure 2.6. Propagation rate vs percent reactant density [26]
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Figure 2.7. Comparison of temperature vs time plots for the combustion reaction
conducted in (a) air and (b) argon at the same furnace temperature (20]
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2.1.2. Micropyretic Theory and Reaction Mechanism

Properties of combustion wave which s charac.terized by
chemical reactions leading to heat generation with accompanying
heal and mass transfer is one of the common mbde for a MS reaction.
The reaction mechanism through heat generation and dissipation is
dictated by thermophysical and heat transfer criteria. As it was
mentioned before, these criteria are determined by processing

variables.

Since so many parameters involved in the reacting system are
co-correlated, it makes difficult to deal with a detailed analysis of
mode! covering whole system. As temperaturé in the combustion
wave changes and a significant chemical conversion is obtained, the
material properties vary widely which bring additional difficulties
to analysis. In order to predict the dynamic behavior of MS under
different processing conditions, detailed theoretical and

experimental studies are still required.

Depending on the reacting system parameters, the combustion
wave propagations are generally divided into two main classes
[23,58] namely homogeneous (steady) and heterogeneous (non-
steady) wave forms which lead to structural and property

differences in the product.

In homogeneous form of combustion, the temperature and

species concentration remains uniform throughout the process and

9
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the combustion wave advances through the reactants at the same
velocity and narrow reaction zone as shown in Figure 2.1. However
this narrow reaction zone may changes with the activation energy of
the system. In other words, wider reaction zones are possible in the

reactions which have strong kinetic control [8l.

On the other hand, there are both thermodynamic and kinetic
reasons which provide the basis for departure from the homogeneous
conditions [90, 59-85]  While thermodynamic reasons basically
come from the extent of exothermicity of the reaction, kinetic
considerations may arise from incomplete reactivity caused by the
ciffusion barriers, particle size, density and size of the compacted

preform, structure and property changes in the reaction zone etc.

The instability of the combustion wave, which leads to the
transformation from homogeneous to heterogeneous state, can bring
ultimately to the extinction of the combustion. Since instability can
come about from insufficient heat generation, weakly exothermic

reactions are prime candidates for extinction [11].

In the case of heterogeneous fcrm of combustion, the reactions
and heat generation often occur at the phase boundary or in several
phases and may be accompanied by phase transition [6°]. The rate of
'heteroge/‘neous form is usually limited by transport phenomena and
shows a oscillatory or spin type [8.12,58] nonuniform propagaiion
velocity which causes nonuniform structure and property. In such a

case, the heat evolution is not uniform throughout the volume, but
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takes place in local regions where the product Iayer forms, as the
- components are mixed. The product is formed at the interface and
for further reaction the reactants diffuse through the prdduct layer

and react, leading to increase in the layer of the product [63,66]

melted AB

product
AB

(b) (d)

Figure 2.8. Sketches of reactions ‘between particles (a) before reaction, (b) with
approximately equal interdiffusion of A and B, (c) A is the only diffusing species and
(d) A melts and reacts with B -
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Possible phase transformat_ion in the reacting system can also
affect the combustion form. In most cases, melting of the reactant
takes place and once the melting of the low melting compbnent takes
place, interdiffusion as well as reaction between the components
can occur as shown in Figure 2.8. However the nature of the reaction
and hence the propagation velocity will depend on the rate limiting
step [66-68] |f the time for diffusion is not a rate limiting step, the
reactants are able to interdiffusion and the reaction proceeds
homogeneously in the kinetic regime. On the other hand, the reaction
becomes heterogeneous and takes place in the diffusion regime if
the reaction time less than the interdiffusion time. The theory of
heterogeneous combustion wave propagation form involves various
cdmplication and is needed to be developed separately for different
types of system [639].  The most extensively studied micropyretic
process is the homogeneous mode of combustion because it is
relatively less complicated and furthermore, for uniform structure
and property, especially material processing, homogeneous
combustion mode is essential. Therefore, designing the MS systems
ére needed to be optimized by altering the heat generation and
dissipatibn processes which can be accomplished experimentally
through a variety of ways. However, a more complete description of
the nature and systematic approach to design of MS systems are
still in its infancy. Lack of basic physico-chemical data describing
the reacting systems as well as detailed information on reaétion
Kinetics at elevated temperatures does not allow for a quantitat{ves

description of the dynamic behavior of MS systems [46,65,69]
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2.1.2.1. Propagation velocity

The study of a homogeneous combustion mode and the
determination of conditions under which it is realizable is the

principle concern of MS wave propagation theory.

The homogeneous propagation is the result of local initiation
of the reaction in a reactant capable of net exothermic reactions

whose rate rapidly increases with temperature.

By assuming the thermophysical properties are not strong
functions of temperature and also, convective and radiative heat
losses are negligible, the equation for the energy balance with a
staticnary reference frame for a reacting system at which the
combustion wave moves in the directions of the coordinate, x, with a

constant velocity, v, can be given by [62,70,71]

T 92T 3
Cpopdl okl g%t 2.2
PP 2 ap =7 (2.2)

where Cp is the heat ‘Capacity (Cal/g®°K), p is the density of the
product (g/cms), K is the thermal conductivity of the product
(Cal/cm®Ks), q is the heat of reaction (Cal/g), v is the wave velocity
(cm/s), T is t‘he temperature (°K), t is the time (s), x is _the
dimension along which the wave is propagating (cm) and f is the

fraction reacted (0O<f<1).
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Since [62,70,71]

[« 3 .

f

= Ko (10" exp(- £ | (2.3)

Qs
—

where Ko is pre-expanential factor, R is gas constant (Cal/g °K), E is

activation energy (Cal/g), n is the reaction order.

Then equation (2.2) becomes [62,70,71]

2
aT =T
Cppi-=KZ—+qp Ko (1-H" exp(- -—RET> | (2.4)

The solution of equation (2.4) utilizing Arrhenius kinetics, an
expression for the velocity of propagation of the combustion is given

in the following form [72-75]

2
RTE « exp(- —E) (2.5)

2 _ ¢ K
vé = f(n) D —=
M g5 g o RTc

where f(n) is a function of the kinetic order which have been

calculated for a variety of assumed kinetic processes [81.
However equation (2.5) does not take into account explicitly

the effect of the reactant particle size and also ignores heat losses

and the possible phase transformation.
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The improved expression for the velocity were derived by
cansidering the thermophysical and chemical properties of all

product and the reactants [76]

V = 1k RTCZ\eX [ -E 26
e -
K
where
f(P-‘l)=A +BIn (&) ,' (2.7)
K Kw
with

A

(3@(TC—TO)—O.5q(p<r>-p<u>)) N
3(Kn-Kw)
((O.Squ(p 0-pwFgpefKn-Kmf(Kn-Kw)-2 K(u)))

2(K(r)-K(u))3

B - (0.5gKwxp (r>-p<u))-qp(u{K(r)-K(u)))K(u)2
(K-Kw)t

3@(TC-T0)K<U>)
(Kn-Kwf

65 - 0_5(p(u)Cpr -p(r)Cpu) + 0_33{((3«) ‘P‘“)chr -Cpu)]

where the parameters with the subscripts, (r) and (u), represents

reactant(s) and product(s) respectively.
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2.1.2.2. Wave characteristics

As mentioned before, the combustion can be changed from one
form to other when related parameters change. Many theoretical

attempts to expiain this phenomenon have been developed.

The results showed that the neutral boundary between
homogeneous and heterogeneous form can be defined in terms of the

parameter, a, given by [77.78]

_RT.[91CpTc
o= -
EL g

- 25 - (2.8)

{t is concluded that, according to equaticn (4), homogeneous

combustion form is attained if o > 1 [77.78],

The nature of heterogeneous combustion depends on the value

of the stability parameter, «. As a approaches to 1, the pulses are
almost sinusocidal with peaks in temperature and velocity, followed
by depression in temperature and velocity. At regions further away
from stability, the oscillations become more complex with a number

of peaks in each cycle as shown in Figure 2.9 (b).

It was also showed that heterogeneous combustion can-be

~ obtained if (pCpK)reactants > (pCpK)products [76].
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Figure 2.9. Results of numerical solution of combustion problem (a) homogeneous
combustion and (b) heterogeneous combustion (87]
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2.1.2.3. Theoretical and experimental studies

The question of the stability and mechanism of combustion has
been examined both experimentally and theoretically. In most of the
analysis, homog‘eneous reaction is assumed where the reaction rate
is give as in equation (5). For a system satisfying equation (5), the
plot of In(v/Tc) against 1/Tc gives a straight line with a slope equal
to E/2R, from which the activation energy for the micropyretic
reaction can be obtained. This technique has been used to determine

the reaction mechanism for various systems [8, 35, 50, 82, 86]

" The theorétical investigations of stability in MS systems for
homogeneous mode which in turn have the advantage of admitting on
explicit representation of the basic solution that is undergoing a
change of stability have been obtained based on equation (4) [62-92]
Numerical solutions of equation (4) have been given for the
homogeneous wave propagation and stability problem in condensed

phase system [62.76]

Another case that has been studied is the combustion of a
heterogeneous system when the components react through solid [63-
66] and liquid [67.68] product layer. Analysis of reaction mechanism
in the presence of melting has been done by Okolovich et al. [67].
Their model comprises of partici'es of high melting component
distributed among the finely dispersed particles of low meliing
component. Initially in the preheating zone the particles of one kind

melt and spread out uniformly between the particles of the less
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fusible component. When the temperature at which the particles of
second component melt is reached, interdiffusion of the reactants
and their chemical reaction with the formation of a quu‘id product.
They have found out that the starting particle size leads to a
significant changé in the structure of the combustion front at which
an increase in particle size causes to a decrease in the combustion

rate.

Neksarov et al. [68] analyzed a similar system to determine
how capillary spreading of the molten component over the infusible
component affects the combustion wave propagation. Depending on
the ratio of vqurﬁe of the product and the reactants, complete and
incomplete conversion of the material in the course of the
combustion may appear in the capillary regime. In the incomplete
case, as the liquid metal spreads, the metal reacts with the pore
wall and the product layer is formed. If the volume of the product is
more than volume of the reactants, the layer of the product reduces
the pore radius and therefore the flow rate of the liquid metal.
Finally the pore may be blocked before the spreading is completed.
The combustion rate is related directly to the pore radius and
inversely to the particle size. In other words, the combustion rate
increases with increasing the reaction time and decreasing the

spreading time.

In conditions of complete conversion, since the volume of the
reaction product is equal to the volume of the finely disperse

reagents, the pore radius remains unchanged throughout the process,
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Therefore, in this case, the liquid metal may spread without
obstruction until complete conversion is reached. This means that
the combustion rate is not dependent on the rate wa chemical
reaction and is determined méinly by the characteristics of

capillary spreading.

In order to confirm this analysis reactions were
experimentally carried out for the Ti + C system for different Ti
particles and different ignition temperatures for the reactions
[37,68,78].  Their results indicate that the velocity, measured with a
photorecorder, decreases with increasingv particle size. At larger
particle sizes, the velocity shows no dependence on the initial
temperature, whereas at lower radii, there is an increase in velocity
with increasing temperature. These results were experimentally
confirmed by Dunmead et al. [37]. They also concluded that at high
combustion temperatures, TiC was formed by dissolution of C into
liquid Ti and TiC was subseqguently precipitated out of soluticn. On
the other hand, at lower combustion temperatures, TiC formation
occurs via a carburization type process, where a TiC layer forms
around the carbon particles, and further TiC formation to occur, C

must diffuse through the product layer.

Recent madels and numerical solutions have been directed to
detailed analysis of the problem including phase transformations,

heat transfer, solidification of the product etc. Puszynski et al. [86]

have developed the criteria for stable, unstable and degenerated
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combustion, as well as the approximate relations for the velocity of

a steady state profile as a function of the heat transfer coefficient.

The case of a phase change leading to a change in the
combustion kinetics during the melting of a reactant phase has b.een
considered by Morgolis [69].  Also he has showed that several
oscillatory modes of combustion may manifest during the condensed

phase micropyretic process.

Recently, Laksimikanta et al. [87] have developed a numerical
method of solving the combustion problem by considering provisions
for saolidification of the product. It was concluded that oscillations
can be obtai-hed if thermal activity of the reactants (pCpK) is mare

than thermal activity of the product as shown in Figure 2.9.

Experimental in-situ observation of reaction mechanism in the
presence of melting has been carried out by Alexandrov et al. [98,84]
Interaction between the reactants in the form of one reactant
powder lying in a film of another reactant was observed using an
electron microscope. The reaction is initiated by stepped heating of
the sample using a high intensity electron beam. They observed that
for the system studied, melting of ocne of the component takes place
and the primary product is formed at the interface. Once the
primary product reaches a certain thicknesses, the thickness
remains constant. At the product-liquid interface dissolution of the
primary product occurs and at the product solid interface growth

into fhe solid takes place.
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The possibility of obtaining new materials with unique
prbperties and the ability to produce composite materials from
cheaper raw materials have provided considerable incentives for

increasing the research effort in MS technique.

The main attractiveness of the MS as a process for synthesis
of materials are concerned with improvements in process such as
the energy savings associated with the use of self-sustaining
reactions, simplicity of the process and the possibility for

producing high purity products.

However, achieving high broduct density and tight control over
the reaction and product are likely to be a common challenging

problems of the processing.

The complex nature of MS and lack of basic physico-chemical
data related to the MS systems as well as detailed information on
reaction kinetics at high temperatures are still the limitations of a
more complete analysis and systematic approach to design of MS

systems.
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2.2. Slip Casting

The casting of ceramics is usually done by a room temperatuvre
operation in which ceramic particles suspended in a liquid, usually
water based are cast into a porous mold which removes the liquid
and leaves behind a particle compact. The process is commonly
called slip casting. The main requirements are ease of formation
and good green strength, followed by high strength after firing with

little shrinkage.

Slip casting can be used to fabricate shapes that would
normally be difficult or. impossible to make other processing
methods. Typical processing flow chart is shown in Figure 2.10. The

process can produce either a solid object or a hollow objet.

There are many advantages of slip casting which makes
possible to form thin walled and complex shapes with relatively low
capital investment [93-96] |n slip casting, the slurry is poured or
pumped into a permeable mold having a particular shape. Gypsum
which is hydrated calcium sulfate is commonly used as a permeable
mold material with 40-50% porosity [94]. The solids into a cast
adjacent to the wall of the moid are concentrated by capillary
sanction and filtration through the mold. There are two types of
casting modes, solid casting and drain casting. In solid casting,

casting is allowed to continue until a scoiid cast, having the shape of
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the mold ca\)ity, formed.

Alternatively, the casting

interrupted

- after forming desired wall thickness is called drain casting. |

Suspendin
[Powder(s) HMEdFi)um g

H

Processing -
Additives

Plaster
Mold

Drying &
Mold Relase

Blending

Rheological
Contet

Figure 2.10. Schematic representation of slip casting flow chart

After casting, the cast material is allowed to dry in the mold

to provide adequate strength for handling. Some shrinkage occurs in

this step and semi-hard solid object is removed from the mold.
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2.2.1. Slip Characteristics

Slip casting is considered a diffusion controlled process by
which the mold draws liquid from the slip. The cast has a higher
moisture stress than adjacent slip and will draw liquid from the
slip and transfer it to the mold. The slurry rheology, rthe casting
rate, the cast density and shrinkage are significant factors in
processing of slip casting [93-100].  These parameters are mostly
function of particle size and distribution, degree of deflocculation,

and kind and amount of colloids.

Slurries containing liquids, salids and other processing
additives may be prepared in a variety of mixers. Mixing time is
dependent on type of mixer used and slip characteristics. Viscosity
of casting siurries are formuiated low enough for convenient mold
filling and escape of bubbles. The viscosity is usually less than
2000 cps at a shear rate of 1-10 sec'! in slip casting [94]. The
slurry density should be high enough during the time necessary to
make a casting to minimize particle settling in the suspension. The
mold material porosity and strength, gypsum formed from the
reaction between plaster of paris and water, depends on
water/plaster ratio. Higher ratios increase absorption of water and
lowers the strength of the mold [94]. Casting time may range from a
few minutes to several hours depending on the process. In solid
casting, voids due to shrinkage can be eliminated by risering. The

excess slurry must drain readily from the surface of the cast, but
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the cast must be relatively rigid in drain casting. Separation of the

piece nofmally occurs from the shrinkage on drying.

2.2.1.1. Processing additives

a) solid phase: The solid phases of casting slips can be classified as
clay based, refractory oxide, cermets, and powdered materials.
Although most slip césting Is done with clay slips, the slip casting
process is important in the production of complex shapes from a
wide variety of prereacted ceramic powders, refractory oxides,

cermets, and powdered metals.

Particle size may vary over a wide range depending upon the
density of the material and the desired characteristics of the cast
product. Generally, the more extended a particle size distribution

is, the greater the fluidity of the slip at high solid loadings [101-
105]

b) liquid Dhasé: The liquid phase should have relatively low vapor

pressure, compatibility with suspended solids, low viscosity, cheap,
nontoxic etc. For most slip systems, Distilled or deionized water is
used as the liquid phase. Organic liquids may be used but they
violate most of the reguirements listed above. Their use may be

imperative when casting materials that react with water [97].

c) deflocculants: Additives to deflocculate slurries achieve

dispersion by absorbing onto and altering the particle surfaces.
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Slurries which have not been deflocculated settle rapidly and the for
- same solids loading have higher viscosities. The solution above the
sediment is clear because all the particles, large and small, have
rapidly fallen out together. In a well dispersed suspension, the
sediment is formed slowly with a high packing density and is more

difficult to redisperse.

A number of cdmmercially available deflocculating agents are
widely used in slips such as sodium carbonate, silicate borate and
phosphates, sodium and ammonium polyacrylates [97, 100, 106-107],
In general, acids and basics are frequently used to adjust

deflocculation and pH is used as a control test.

d) binders: Cast products sometimes has poor green strength and it
may be necessary to add a binder. Additives to a slip system perform
various functions and may behave as rheological aids altering flow,
as thickeners that increase the apparent viscosity, as suspension
aids capable of retarding settling, and ultimately as a binder

imparting green strength in the final body.

Some binders are organic such as natural gums, cellulose
ethers, polymerized alcohols, waxes, glycols etc and provide only
temporary strength. They have relatively high molecul‘ar weight and
work by absorbing onto the surface of particles and bridging th\em
together. Others are inorganic such as colloidal particles which may

leave residue after firing.
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Since viscosity depends on the interaction of molecules in a
~ solution, the size, shape and concentration of binder malecules
affect the viscosity of the system. The viscasity m‘ay greatly
change if a thermal or chemical change in the system occurs as in
the case of gelation. Gelation occurs when the moiecules cross link
into a three dimensional configuration and the solution behaves more

like a solid than a liquid.
2.2.1.2. Colioid principles

In slip casting the rheology of particulate suspensions in
liquid phase plays a major role. Their colloidal properties are
especial significance in the process of slip casting. Ther:“structure
of the slip, as determined by its degree of dispersion, has also to be
controlled by suitable additives. Particle size for slip casting may
range from of coarse materials as large as 1 mm to 10-3 micron at

the lower limit of the colloidal region.

As particles are made smaller, there is a rate change in
certain important size related physical properties; for example, the
sp.ecific surface increases, the diffusion rate increases, the
sedimentation velocity slows, the coagulation rate increases, and

the solubility increases [108-111]

An important characteristic of disperse system is the large
area of the interface between the particle and the surrounding

medium, with the consequence that a significant proportion of the
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molecules are associated with the micro heterogeneous regions
. which form the interfaces between the dispersed phase and the
dispersion medium. Since the contributions which these molecules
make to the thermodynamic properties of the system are different
from those made by the ones within each of the bulk phases, the
presence o_f the interface affects the overall thermodynamic state
of the system and in particular the free energy [108] which is

function both of the s.urface tension, ¢ and of the interfacial area, Aj
G =cA . (2.9)

It is clear that a colloidal dispersion represents a state of
higher free energy than that corresponding to the bulk material.
Passage to a state of lower free energy will therefore tend to occur
spontanecusly unless there is a substantial energy barrier
preventing the elimination of the colloidal state. In the presence of
such a barrier the system will be metastable and may remain in that
state for a very long time. On the other hand, if conditions are
adjusted so that the energy barrier becomes negligibly small or
disappears altogether, then the colloid becomes unstable. Thus the
whole question of the preparation and stability of colloid system is
closely tied with the factors that give rise to free energy barriers

of adequate height to prevent the breakdown of colloidal state.

In the case of colloid dispersions the energy necessary to
carry a system over the energy barrier comes from the Brownian

motion of the particles which results from the random bombardment
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of the surface of the particles by molecules of the medium. A
situation peculiar to colloid system is that in which the free energy

curve has the form of Figure 2.11.

+
(repulsive)

>
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©
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[e)

O

2
L

(attractive)

Figure 2.11. Free energy curve for the colloidal system [108]

The apparently random stepwise or zig-zag movement of
colloidal particles was first observed by Robert Brown and named
after him [108]  Brownian displacement of particles in slip is of
particular importance  in particle size determination and with
respect to coagulation kinetics of suspensions. When a particle is
small enough, collisions with individual fluid molecules can displace

the particle by measurable amounts. This displacement results in
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the random motion of particles and in addition to the external forces

such as gravity.

The mean Brownian displacement, X of a particle from its

original position along a given axis after time, t given by [108]
X = 12Dt < (2.10)

where D is diffusion coefficient. The work done in moving a particle
through a distance dx against a frictional resistance, Fr due to

motion is related to the diffusion coefficient by [108]
DF, = kT (2.11)

where k is the Boltzman constant and T is the absolute temperature.
The value of Fr depends upon particle geometry and for a system

containing spherical particles of radius, r [108]

_BrmrN

F =

(2.12)

where R is the gas constant, n is viscosity, r is particle radius and N

is Avogadro number.
Figure 2.11. indicates that under certain circumstances _the

mutual free energy curves of colloidal particles may exhibit a

maximum so that when the particles approach the free energy
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increases initially, i.e. the particles repel one another, until at the

maximum in the curve this repulsion changes over to an attraction.

There are various factors which contribute to the shape of
interparticle free energy curves and hence control the stability of

dispersion.

(i) intermolecular forces: The existence of attractive forces
between non-polar molecules has been recognized since the work of
van der Waals. According to the theoretical equations, these
atfractive forces increase in magnitude as the molecules approach
one another, and at a separation of r between the nuclei of the
system or the center of mass of roughly spherical molecules they
are proportional to the inverse power of the separation. If we
choose the energy at infinite separation as the energy zero, then the
free energy of attraction between a pair of atoms or molecules at

separation d [108]

AGH = - AW = - A | (2.13)
d6

The constant A is given by London [108] in the form

A =%hwa2 . (2.14)

where a is the polarisability of the atom, h is Planck's constant and

y is a characteristic frequency identified with that corresponding to
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the first ionisation potential. As the atdms app‘roa_ch one another,
the attractive force increases and the free energy becomes
increasingly negative. However, at close distances fheir electron
cloud begin to interact. If the electrons are in non-bonding orbitals,
this gives rise to a repulsive force and an increase in free energy
which becomes effectively infinite when the electron clouds

interpenetrate [108].

AG™? = B o (2.15)
d12

The total potential energy of interaction between a pair of atoms or
molecules is assumed to be the sum of the contributions from

attractive and repulsive [108]

AG =AG™ +AG™M= B . A (2.16)

(i) electr ic for : Particle surfaces become electrically
charged by variety of mechanisms the more important of which are

the following;

a) lonization of surface groups |

b) Differential solution of ions from the surfacev of a sparingly
soluble crystal |

Cc) Isomorphous substitution

d) Charged crystal surfaces

e) Specific ion absorption
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The fundamental law of electrostatic expresses the inverse
square law of force between two electric charges gl and g2

separated by a distance d [108]

F.9192 (2.17)
4red?

where e is the permittivity of the medium surrounding both charges.
The work done in bringing two charges together from infinite

separation to a distance d is therefore given by [108]

d
AG® = AW = | Fgh = 3192 (2.18)
- 4red

and measures the electrical free energy of the system relative to
that at infinite separation. The charge g1 may be thought of as

producing an electric field at a point d, such that the waork needed to
ol
4dred

bring a unit charge to this point is which is called the

electrical potential at d due to the charge gt.
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Figure 2.12. Origin of surface charges by (a) ionization of acid groups to give
negatively charged surface (b) ionization of basic groups to give positively charged
surface (c) differential solution of silver ions from a Agl surface (d) differential
solution of icdide ions from a Agl surface (e) isomorphous substitution in a clay surface
to give a negatively charged surface (f) breaking a clay crystal to give a positively
charged edge (g) specific adsorption of a cationic surfactant (h) specific adsorption of a

anionic surfactant [108]




2.2.2. Slivp Casting Behavior and Mechanics

‘The rheological behavior of slips is the dominant factor in the
process. The properties of a slip which must be obtained in order
that satisfactory casting ‘may be made depend on suitable
rheological behavior of the slip. Because of the importance of the
rheological behavior of the slips and its dependence on the pH of the
dispersing medium, éeveral investigations of the viscosity and pH

relations ‘for various systems have been carried out [106, 112-115]

The flow properties of slips shows non-Newtonian fluid
characteristics at which the shearing stress as a function of the
shear rate is non-linear. There are several types of flow behavior
characterized by viscosity changes in response to variations in
shear rate and time. The degree of behavior varies considerably and

a good slip is one in which the non-linearities are minimized.

Rheological behavior can be altered by deflocculating, diluting
and size distributions of particles in the slip. The specific gravity
of the slips kept as high as possible consistent with proper
viscosity. Increasing the solid lcading leads to higher viscosity. A
limit for solid loading exists where it is no longer practical since
viscosity becomes extensively high to process. In general widening
the distribution of'particles“ allows the smaller particles to fill the
voids of the larger particles leading to reduction in volume and

viscosity.
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2.2.2.1. Rheology of slurries

Rheology deals with the flow and deformation of matter.
Liquid or suspensions when subjected to shear stress behave in one
or two basic ways. |If the ratio between the shear rate and the shear
stress is constant the fluid is classified as a Newtonian fluid.
Where the ratio between the shear rate and the shear stress is not
constant, the fluid is considered to behavior in a non-Newtonian
“manner. Non-Newtonian substances can be further classified

~according to dependence of the shear rate on the shear stress.

Viscosity is a measure of the resistance of a fluid to flowing.
This function becomes apparent when a layer of fiuid is made to
move in a relation to another layer. Viscosity can be defined by

considering the model shown in Figure 2.13. [116],

dv

S

A2
v2

V1 / Al t dx
]

Figure 2.13. Schematic representation of viscosity model
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In Figure 2.13., two. parallel planes of fluid of egqual area,
A1=A2, and separated by a distance, dx, are moving in the same

direction at different velocities, v1 and v2. The force fequired to

maintain this difference in speed through the velocity gradient [117]

F/A=n (dv/dx) (2.19)

Where n is a constant for a given material and called viscosity.
The velocity gradient, dv/dx, is a measure of the speed at which the
intermediate layers move with respect to each other and called
shear rate (1/sec). The force per unit area, F/A, is required to

produce the shearing action and called shear stress (dynes/cm?2).

A non-Newtonian fluid shows that the relationship between
shear stress and shear rate is a straight line and viscosity remains

constant as shear rate increased as shown in Figure 2.14. (a-b).

A Newtcnian fluid is broadly defined as one for which the
relationship between shear rate and the shear stress is not constant.
The viscosity of such fluids changes as the shear rate varied. Type
of flow behavior is characterized by the way of viscosity changes in
response to variations in shear rate and time. The effect of shear
ra;ce a non-Newtonian fluids causes two types of behavior,
pseudoplastic and dilataﬁt. Pseudoplastic, aiso called shear
. thinning, fluid displays viscosity decrease with increasing shéar
rate. Opposite effect is observed in dilatant fluid which is also

called as shear thickening as shown in Figure 2.14. (c-d).

50



Some fluids shows a change in viscosity with time under constant
- shear rate.  There are two categories of this type of fluid,
thixotropic and rheopectic. While thixotropic fluid displays a
viscosity decrease with time, rhecpectic undergoes a increase in

viscosity with time as shown in Figure 2.14. (e-f).

>

Shear
rate
Viscosity

Shear Shear
stress rate

Viscosity
Viscosity

Shear Shear
rate rate

Viscosity
Viscosity

Time

> Time

(e) (f)

Figure 2.14. Effect of shear rate and time on viscosity for Newtonian and non-
Newtonian fluids
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It is important not anly to have.a slip that has minimum
viscosity, but also the rheological properties should be suitable for
casting. The term rheology denotes the science of the deformation
and flow of matter. The flow properties of slurries are illustrated
by graphs showing the shear stress as a function of the shear rate.
Far slips, such a curve is usually nonlinear. The degree of
nonlinearity varies considerably and good slip is one in which it is
minimized. The control of these effects is largely a matter of proper

liquid content and optimum deflocculation.

2.2.2.2. Deflocculation theory

There is no single unified theory that accounts for all the
ocbserved characteristics of slips. Most theorists agree that solid
particles, when suspended in a liquid medium, become electrically

charged.

The control of casting slips requires an intimate knowledge of
the interaction between solid particles, suspending fluids and
additive chemicals. The aggregation of particles within an aqueous
slip results from complicated combinations of electrokinetic
interactions, stearic hindrance, and hydrodynamic and gravitational
forces 194, 97, 1071, The main effect within a slip system will
result from interparticle forces. The solid particles in suspending
medium become electrically charged. These charges are of like sign

and produce forces of electrostatic repulsion between particles. If
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it is sufficient to overcome attractive van der waals forces, the
system goes to defloculation. The state of defloculation is not
unique but varies in degree according to the magnitude of the
repulsive forces. This leads to various viscosity characteristics of

a slip.

‘The overall charge on oxide particies is usually negative
however the charge may not be symmetrically distributed overall
surfaces. Oxide surfaces have a marked acid-base character. It has
been found with a number of oxides that the surface contains a
definite number of ionizing sites from which H*, acid dissociation or
OH-, basic dissociation may be released, giving rise to the net
surface charge (94, 97]. The state of ionization of the surface
depends on the nature of the oxide and the pH of the dispersing phase
with which it is in equilibrium. The electrically charged solid
particles attract other charges from the suspending liquid. n
agueous system, H+ or OH- ions are attracted to the particles. If and
acid such as HC! is added to the liquid, a layer of Cl- ions is formed
adjacent to the layer of H+ ions [94. 971 In general, it is found that
there is an optimum charge on the particles that will bring proper

dispersion.

Oxides were considered to absorb hydrogen ions at low pH in
aqueous system and develop a positive surface charge with ions~ of
acid functioning as counter ion cloud (94, 97]. At specific pH value
for the particular oxide, a maximum zeta potential coincided with a

minimum slip viscosity. As pH value is increased, the double layer
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contracts and zeta potential drops, therefore, slip viscosity is
- decreased. On the other hand, if pH value is increased, surface
charge dropped to zero, slip viscosity is reached its maximum. As
pH is raised further, the particles deveiop a negative surface with
lons of basic functioning as the counter ion cloud and the zeta

potential reaches its second maximum leading to viscosity decrease.

\L/OHZ +3\|/OH 0 \M/O -3
20N /T\ /O__
/
~

|3HZO O—0H2 3H20 o——0H | 3CH 0 | +3H20
|

-

4N sli~an| 10
OHz ‘
- —
basic dissociation acidic association
A (zero point of charge)
> \
= !
Q 1
Q 1
2 |
> |
:
! >
pH

Figure 2.15. Simplified diagram showing how the surface of metallic oxide particles
charges in amount and sign when pH is changed monovalent acids and bases [94]
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Figure 2.16. The effect of pH on the surface charge of metal oxide which can be
defloccutated in water (841

The negative charge originates from dissociation of surface
hydroxy! groups when the pH of the slip is greater than the pH of

zero point of surface charge. Where pH is lower than the zero point
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of surface charge, the surface becomes positively charged by proton

addition to ‘the neutral aqua-complex [94].
2.2.2.3. Casting mechanism

Investigation of mechanism of formation of solid cast from
slips have shown that it is a diffusion controlled process and
amounts to a simple dewatering of the slip. The fine pores of mold
exért a suction on water of the slip thereby drawing the dispersed
particles together and forming a‘ semi hard structure, which grows
as water moves through the cast into the mold. When a ceramic
powder is suspended in water, particles are influenced by a variety
of forces, as shown in below Figure 2.17., that arise from the

following sources:

gravity (C)-drag (D) [118]

dy _Velps-pvg (2.20)
dt enn(2r)

where Vp is volume of particle, ps is density of solid, p| is density
of liquid, g is gravitational constant, n is viscosity and r is particle

radius.

thermal agitation (E) [108, 118]

- _ kT (2.21)
enn(2r)
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- where D is diffusion coefficient due to thermal agitation, k is

Boltzmann's constant and T absolute temperature.

fluid transport (A) [109-111, 118]

Jf=-Hdv5 ,H%s_ C (2.22)

where A is crossectional area, dP/dy is pressure gradient and o is

permeability.

interparticle potential (E) [108, 118]

AG = AG(attractive) + AG(repulsive)

32 e (2r) k? T2 42

-(H (2r))
-k d) + —2240 .
exp (-x d) + 54 (2.23)

AG =

2
e? z

where e is permittivity, z is charge of dissolved ionic species, d is
distance from particle, H is Hamaker's constant, y is distance
between inner and outer Helmholtz planes, K is conductivity, ¢ is

zeta potential and 1/x is double layer thickness.

streaming potential (B) [118]

E, = - (2.24)
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Figure 2.17. Schematic representation of forces effecting on particle

Most theoretical approaches found in the literature to slip
casting kinetics are based on simple mathematical models of the
process to which casting kinetics is usually presented by cast layer
versus time plots.. It has been shown that the rate of cast
formation which is parabolic can be quantitatively determined from
equation (14) by (34, 97]

2 P
L. 2Pgw | (2.23)

t 582 (y-1) (1-0)°

where L is the thickness of the cast layer, t is time, P is the suction

pressure, ® is the void fraction, S is the surface area of selid

particles, n is the viscosity, y is the volume of slip containing

volume (1-w) of solids and g is acceleration due to gravity (94, 97].
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Similar inveStigations to the cast formation rate have been

developed by solving the Carman-Kozeny equation of filtration [109,
117-119]

2.2.2.4. Particle packing

The degree of packing density in slip casting mainly depends on
deflocculation leveli, solid concentration and particle size
distribution. Theoretically, spheres of uniform sizes may be packed
up to 0.74 packing volume fraction (e.g. FCC and HCP arrangements).
Since there are voids in the packing of particles, smaller particles
may enter without changing the overall volume of the cast. Lower
viscos-ity has been observed to be related in some way to the
optimum packing of particles of various size distributions and solid
concentration of suspensions [94, 103-104, 113, 121]  Several
investigations have been done on particle packing. The relationship
that‘is the most applicable to the ceramic raw materials is the
Andreasen-Funk equation which describes a size distribution

produces optimum packing efficiency at n=0.37 [102, 103]

cper _ (21 - (2rg) (2.26)
100 (2r ) -{arg)

where CPFT is cumulative percent finer, r is any particle radius, r_

is. the largest particle and rg is the smallest particle radius in “the

distribution.
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In relation with viscosity, Einstein first described the
~viscosity of a dilute dispersion of rigid spheres as a function of

solid concentration by [121,122]

Ne=1+25 (volzooséol-id) (2.27)

where n.is relative viscosity (= viscosity of suspension/viscosity

of solvent), vol% solid is percent solid in dispersion and O is term of

order.

For concentrated monodisperse system, many investigators
[105, 121-123] have applied Einstein equation in modified forms (in
the original equations, the term, packing factor was substituted the

term (1-w));

R.D. h [122]

inno = - 25 (1-w) In (100(1-1coo>0-(1v_zi‘;/o solid) (2.28)
M. MQQnQ‘ y [123]

e =P (1%3((:?::?.(5322)(;{ﬁ?é) (2.29)

where nr is relative viscosity (= viscosity of suspension/viscosity

of solvent) and w is void (pore) fraction.
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D. Quemada [124]

- (for Newtonian systems)

1. vol% solid) (2.30)

_—
" 100(1-0)

For equation (2.28), (2.29) and (2.30), Newticnian behavior is
assumed and intrinéic viscosity is closely associated with void

fraction and related to the structural state of the system, 2/(1-w).

D Quemada [125]

(for non-Newtonian systems)

~ -2
=11 - 15 1 vol% salid (2.31)

where 7 is intrinsic viscosity, 1 = 1 (vol% solid, shear rate)

'D. Quemada [124] showed that many data on polydisperse
systems, exhibiting Newtonian behavior, have been in better
agreement with equation (2.30) than (2.29). He also extended the
relative viscosity-volume concentration relationship to the
description of non-Newtonian behavior [125].  Chanyavanich [121]
analyzed submicron sized and bimodal spherical silica particles in
an organic media to determine the rheological behavior of
concentrated suspensions. It has been also concluded that the
equation of Quemada most nearly describes the variation of ny V\;ith

vol% solid and w.
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3. STATEMENT OF THE PROBLEM

‘Amongst the various forming processes, dry powder pressing
has received the bulk of atten;cion while casting techniques have not
been used for micropyretic synthesis. In this study, the processing
of slip cast micropyretically synthesizable materials is studied for
the first time. This thesis is aimed towards developing an
optimized processing'methods to obtain a refractory composite by

means of micropyretic synthesis of s.lip cast preforms.

Various metals and alloys have been prepared for several
decades by metallothermically reducing the oxides [13]. Highly
exothermic reactions which take place during such reactions may be
utilized to form refractory composites. In this study, the
exothermic reactions which were studied were all used for the
synthesis of SiC-Al203 composites by utilizing combustible
mixtures of SiO2, Al, C, and Cr203. In the reactions, aluminum is
used as the reducing metal. With the simultaneous production of
multiple phases in the aluminothermic reduction, SiC-Al20 3
composite were formed by reacting carbon with the product metal to
form SiC. Two reactions, reaction 1 and reaction 2, were

predominantly employed at stoichiometries

Reaction 1: 3Si02 + 4Al + 3C ==> 3SiC + 2Al203 (3.1)
Reaction 2: 3Cr203 + 6Al + 4C ==> 2Cr3C2 + 3A203 (3.2)



The phase diagrams for the systems Al203-Al, Si-C, Cr—C and
Cr-Si are given in appendix A [126]  The plot of entalphy as a
function of temperature for reaction 1 at adiabatic cbndition .is
given in appendix A [127].  The reaction can attain an adiabatic
temperature higher than 2000 °C at which both aluminum and silicon
are liquid. This may lead to densification in the synthesized
product. However, the heat generated by the reaction may not be
sufficient enough to full conversion, therefore, the reaction 2 may
be introduced as a trigger reaction. This study is related to the
preparation of slip cast refractory compounds, particularly, to the
methods of preparing alumina with a high volume content and the
silicon carbide and chromium carbide reinforcement. The method of
preparing the refractory composite is by means of micropyretic
synthesis of slip cast preforms. Details of the slip preparation,
cast formation and synthesis will be investigated. This area of
research has not previously been investigated. Some of the expected
advantages over tradifional way of fabrication are complex shape
possibility, lower cost and controlled property. For the
investigation, colloidal silica was used as the main suspending
medium as well as the combustion source in the slip to achieve a
high uniform packing density. In regard to micropyretic synthesis,
the role of colloids in final microstructure and property is also

planned to determine the feasibility of the process.

The experimental procedures and the variables affecting the
process in relation to slip casting and micropyretic synthesis are

discussed in the following chapters.
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4. EXPERIMENTAL PROCEDURES

4.1. Raw Materials

Powders and additives used in this study are Iiéted together
with their sources in Table 4.1. All powders were used in the as
received condition. Although manufacturer's grade for all powders
were -325 mesh, poWders were irregular in shape and the average
particle size and distribution were differs widely. The average
particle size ranges for SiO2, Al, graphite and Cr203 powders were
2-3, 5-10, 10-15 and 0.5-1 microns respectively. A scanning
electron micrographs for powders used. in the experiments is shown
in Figure 4.1. As shown from Figure 4.1., all powders aré irregular in

shape and a non uniform size distribution.

X-ray diffraction performed for powders is shown in figure
4.2. The main inclusions according to the Johnson Matthey Catalogue
for powder specifications; for aluminum, inclusion was Al203 (0.5
wt%) which exist on the surface of the particles; for silica
péwders, Fe203 (0.044 wt%), Al203 (0.027 wt%), and CaO (0.027 wt%)
and loss on ignition was 0.463 wi%; for graphite, moisture and
volatiles were 0.2-0.6 wt% and ash was < 0.5 wt%. Cclloidal silica
used in the experiments which has muitifunctional behavior and/or
as suspending medium, binder, dispersant, viscosity modifier had '30
wt% solid content with around 14 nanometer particle sikze.

Manufacturer's name for colloidal silica was 1430AT™,
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(c) (d)

CFingL;ge 4.1. SEM micrographs for reactant powders (a) SiO2, (b) Al, (¢) C and (d)
r
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Figure 4.2. X-ray diffraction patterns for reactant powders (a) Si02, (b) Al, (c) C
and (d) Cr203
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This particular product had been chosen because it was stable in
- wide pH range, pH= 3 to 11. For distilled water suspended slips,

polyvinly alcohol was used as a binder.
4.2. Sample Fabrication

The green preform of samples were fabricated by slip casting
into plaster mold. The traditional processing, compaction, was also
studied for comparison. Figure 4.3. shows the schematic
representation of both forming processes, slip casting and
compaction. All compositions for both cast and compacted samples
aré given in Tables 4.2. to 4.7. The compaction samples were
obtained by mixing powders with polyethylene glycol(PEG) and
1430AT™ binders and compacting the blend under pressure, 10,000
psi, into shape. Both solid casting and drain casting modes of slip
casting were studied. After forming the cast preforms by slip
casting, the preforms were combustion synthesized. The processing
route for sample fabrication are briefly explained in sections 4.2.1.

through 4.2.4.
4.2.1. Mold Making

Molds were prepared by standard techniques using plaster of
paris (CaSQas.1/2H20), DURABOND™, using the ratio of 2 parts of |
water to 3 parts of plaster by weight. Three pieces of mald vs;ere
employed for easy mold release. The 8.5x12x60 mm sized pattern

- was employed to form half of the mold cavity. Molds were dried
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thoroughly before use. The SEM micrograph of mold surface is shown
in Figure 4.4-c. For solid casting, to eliminate shrinkage defects a
cylindrical riser was used. Drain casting at which mold.cavity was
cylindrical was used for casting time determination. The side and

top view of the moid is shown in below Figure 4.4-a and b.
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Figure 4.3. Schematic representation of forming processes, compaction (a) and slip
casting (b)

638



|

40 mm

~
3
3

60 mm

SRS R )
SRS
DEEES SRRSRNA |
S S
I | I
B R
:::::',i'\::::::_!_
(\ .....

12 mm
60 mm

(c)

4 um
——

!

5 (‘J»'f:_"""'"i‘
B

o VN

Figure 4.4. Plaster molds (a) solid casting, (b) drain casting and (c) SEM micrograph

of moid surface

69




4.2.2. Slurry Preparation

Reactant powders were weighted at required amount for the
compositions shown in Tables 4.2. to 4.7. into a 1000 cc plastic
container and blended for 30 minutes using roller mill. The
combustion powder source; for the reaction consisting of SiOz2, Al
and C in the weight ratio of stoichiometry was 55.55 wt%, 33.33
wt% and 11.11 wt% réspectively; for Cr203, Al and C was 68.47 wt%,
24.32 wt% and 7.21 wt% respectively.

The suspending medium, colloidal silica, distilled water and
other additives, were prepared separately. For co.llbidal silica
suspended slip, the procedure was relatively straight forward.
Since the slip did not require any binder and dispersant, colloidal
silica was directly added to the slip system. The amount of
colloidal silica was varied in the slip by substituting the amount of
colloidal silica with -325 mesh SiO2 powder to keep the powder
stoichiometry. The solid concentration of the slip, vol% solid, was
varied by diluting colloidal silica with distilled water. For distilled
water suspended slips, binder and dispersant were Palyvinyl alcohol
(PVA) and DARVAN-C™. In order to prepare the binder system, 20
wt% PVA powder was first dispersed in cold distilled water using
sufficient agitation to wet out all particles with water. The
solution temperature was raised to 35 °C and hold for 30 minutes to
cook and then the suspending medium solution was preparedhby
placing the required wt% of distilled water and dispersant to the

binder, 20 wt% PVA. Both mixtures, powders and suspending
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med'ium, were mixed together at required ratios to give the
particular solid concentration in the slip and slip were prepared by
hahd mixing, until smooth consistency was obtai'néd. After
dispersing, the suspensions pH adjustments were done both acidic
and basic sides to find o'ut optimum slip viscosity. pH value was
decreased by drops (~0.025 gr) of 25 vol% distilled water diluted

HC! to avoid local flocculation.

pH and viscosity measurements were done using CORNING-107
pH meter and BROOKFIELD-LVTDV-Il digital viscometer respeétively.
The details of pH adjustment and viscosity measurements are given

in characterization section.

Table 4.1. Powders and binders used in the experiments

POWDER MESH SIZE PURITY % [ COMPANY
Cr203 -325 38.5 Johnson Matthey
Si0O2 -400 39.5 Johnson Matthey
SiC -325 33.0 Electro Ceram.
Al -325 99.5 Johnson Matthey
C -325 . 99.0 Johnson Matthey
BINDER MANUFACTURER NAME

Polvethylene glvcol(PEG) | 300 NF™ .| Union Carbide
Polyvibnly alcohol{PVA) AIRVOL 205™ Air Product
SUSPENDING MEDIUM

Colloidal silica 1430AT™ Nycol
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Table 4.2. Slip compositions used in the experiments

slip
compositions samples
(Wto/o)

A10 A1 A12 A13 At14 A15 A16 A21
SiOp 19.38 |21.86 |25.07 |29.39 |34.09 |[35.52 |35.52 |23.15
Al 21.07 12111 [21.15 j21.21 [21.27 [21.31 §21.31 ]22.35
C 7.02 7.04 7.05 7.07 7.09 7.10 7.10 7.45
Crp03
SiC

submicron SiOp
from 1430AT™
15.75 |13.33 ]10.19 5.97 1.38 14,11

suspending
medium from
1430AT™ 36.76 |31.10 |23.78 {13.94 3.23 32.93

suspending
medium from
distilled water 5.57 }112.75 |22.41 | 32.92 }34.77 |34.59

PVA 1.30 1.30

DARVAN-CT™ 0.13

vol% solid 40.4 40.4 40.4 40.4 40.4 40.4 40.4 44 .4

Table 4.3. Slip compositions used in the experiments (continue)

slip
compaositions samples
(Wt°/o)

A22 | A23 A24 A25 | A26 A27 [A31 A32
SiO2 26.54 [31.11 [33.41 {36.07 [36.29 {36.29 [25.07 |28.74
Al 22.39 [22.45 122.48 {22.51 {21.77 {21.77 | 24.21 |24.24
C 7.48 7.49 8.04 7.51 7.26 7.26 8.07 8.08
Cro03
SiC

submicron SiO2
from 1430AT™

10.79 5.32 4.07 1.47 15.28 | 11.68
suspending
medium from [
1430AT™ 25.17 114.75 9.51 3.42 27.36 |27.286
suspending

medium from
distilled water 764 117.87 [23.03 }29.03 {33.38 }33.22

PVA 1.31 1.31
DARVAN-C™ 0.15
vol% solid 44 .4 44.4 44 .4 44,4 |44.4 44.4 51.0 51.0
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Table 4.4. Slip compositions used in the experiments (continue)

slip

compaositions samples
(Wto/o)

A33 [A34 A35 A36 | A37 Ad1 A42 A43
Si0p 33.66 | 36.15 |39.00 {39.41 }39.41 |26.13 |29.95 |35.08
Al 24.29 124.32 {24.34 [23.64 [23.64 2523 {25.27 |25.32
C 8.10 8.11 8.12 7.88 7.88 8.41 8.42 8.44
Cro0O3
SiC

submicron SiO2
from 1430AT™
6.84 4.41 1.58 15.93 |12.17 7.13

suspending
medium from
1430AT™ 15.86 ]10.29 3.70 24.28 12417 |116.64

suspending
medium from
distilled water | 11.14 116.72 |23.25 |27.45 | 27.286 7.39

PVA 1.42 1.42

DARVAN-C™ 0.18| 0.35

voi% solid 51.0 j151.0 51.0 51.0 51.0 55.0 55.0 55.0

Table 4.5. Slip compositions used in the experiments (continue)

slip
compositions samples
(Wto/o) )

Ad44 | A45 |A51 |A54 |B10 [Bi11 |B12 |B20
Si0O9o 37.65 |40.63 |27.36 |40.98 12.85 6.70
Al 25.33 {25.36 |26.42 |24.58 | 18.89 |18.14 |18.89 | 139.59
C 8.45 8.46 8.81 8.19 5.90 5.66 5.89 8.08
Cro03 30.57 |29.34 |30.56 |35.47
SiC

submicron SiOg

from 1430AT™
4.59 1.65 |1 16.68 499 ]113.39 6.70 {11.86

suspending
medium from
1430AT™ 10.71 3.85 [20.71 [11.66 | 31.25 15.62 127.20

suspending
medium from
distilled water |13.26 | 20.04 3.58 32.57 {15.62

PVA 1.32

DARVAN-C™ 0.11

vol% solid 55.0 55.0 60.0 60.0 40.4 40.4 40.4 51.0 ]
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Table 4.6. Slip compositions used in the experiments (continue)

slip
compositions samples
(Wt%)

830 |ABt AB2 D10 |D20 |D30 (D40
SiOo 12.70 |20.22
Al 20.57 122.19 |123.15 [14.18 {16.17 [14.55 |16.73
Cc 6.30 7.10 7.60 4.42 5.04 4.46 5.12
Cro0Og 42.26 |23.57 |12.50 |22.94 | 26.16 |29.91 |34.38
SiC 16.75 9.55 |21.84 | 12.55

submicron SiO»p

from 1430AT™
926 |10.33 {10.95 |10.05 {11.486 6.55 7.53

suspending
medium from
1430AT™ 21.60 |24.10 | 25.56 {23.45 |26.74 |15.29 [17.57

suspending

medium from

distilled water 4.86 ) 6.10
: 8.17 7.39

PVA

DARVAN-C™

voi% solid 55.0 55.0 55.0 40.4 40.4 51.0 51.0

Table 4.7. Slip compositions used in the experiments (continue)

compact
compaositions samples
(Wto/o) :

P P2 P3 P4 P5 FP6
SiO2 46,29 |50.50 |{45.00 {41.96 |35.90 |31.36
Al 27.75 (30.27 }30.30 30.30 }130.30 {30.30
C 9.25 |10.09 [10.10 |10.10 [10.10 [10.10

submicren SiGC»p

from 1430AT™
5.50 8.54 14.60 19.13

suspending
medium from
1430AT™ 6.36 6.36 6.36 {6.36

PEG 16.66 9.09
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For samples of Aij, SiO2-Al-C reaction was studied for
different conditions for slip such as overall solid concentration in
the slip (vol% solid), volume percentage of submicrometef SiO2 from
colloidal silica in the slip (vol% submicron SiO2) and/or weight
pércentage of submicron SiO2 from colloidal silica in solid content
of slip (wt% submicron SiO2), type of binder, dispersant etc. To
compositions A1j, A2j, A3j, A4j and AS5j (i=0 to 5); vol% solid were
varied 40.4 %, 44.4 %, 51.0 %, 55.0 % and 60 % respectively; wt%
submicrometer SiO2 of 1430AT™ in solid were varied from 0 to
2491 % as j increased 1 to 5 by keeping the overall stoichiometry
fixed and balancing the silica concentration with -325 mesh SiOz
powder substitution. To compdsitions A15-A16 (v0i%=40.4), A26-
A27 (vol%=44.4) and A36-A37 (vol%=51.0), PVA which was added as
a binder 2 wi% with respect to the powder and DARVAN-C™ which

was added as a dispersant.

Faor samples of Bij, the effect of Cr203-Al-C reaction to SiO2-
Al-C reaction was studied for different conditions for slip such as
overall solid concentration in the slip (vol%), volume percentage of
colloidal silica in the slip, vaol% submicron SiO2, type of binder,
dispersant etc. To compositions B10, B20 and B30, voi% were also
varied 40.4 %, 44.4 % and 51.0 % respectively and voi% submicron
SiO2 were varied 10.80 %, 10.06 %, 8.90 % respectively. To
compositions, B11 (vol%=40.4), PVA which was added as a binder 2
wt% with respect to the powder and DARVAN-C™ which was added
as a dispersant. For sample B12 (vol%=44.4), amount of colloidal

silica was decreased comparing to the sample B10 from 10.80 vol%
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submicron SiO2 to 5.40 vol% submicron SiO2 by keeping the overall
~solid concentration same and balancing the silica content in powder
as 55.55 wt% with -325 mesh SiO2 powder substitution. - For
compositions AB1 and AB2, the vol% solid and vol% submicron SiOz2
were 51.0 % and 8.90 % respectively. The weight ratio of Cr203-Al-C
reaction to SiO2-Al-C reaction for samples AB1 and AB2 were 0.91

and 0.35 respectively.

For samples of C10 and C20 series of the compositions, SiO2
and Al powders alone were studied with colloidal silica suspension
at 51.0 vol% solid. _,On the other hand, C and Cr203 could not be

prepared for the same loadings due to extreme agglomeration.

Along the D series, Cr203-Al-C reaction system with colloidal
silica suspension and SiC dilution was investigated for two
different particle sizes and weight percentages of SiC with 40.4

vol% and 51.0 voi% solid.
4.2.3. Casting

Both solid and drain casting were studied. The pH and viscosity
adjusted slip were directly cast into the mold at room temperature
(18-24 °C). Solid casting was done by risering at which casting
shrinkages were eliminated énd the porosity level of green form
were also determined. Drain casting was used for casting 'gime
determination. The schematic representation of cast formation is

shown in Figure 4.5. Since mold release was readily obtained for all
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colloidal silica employed samples, mold releasing agents was not
required. After casting, mold was dried for 24 hours in air and cast
preforms were released from the mold. The excess parts due to
risering were removed and the inhomogenities due to mold
mismatches were grinded by polishing. The 12x17x60 mm cast

preforms were cut into several pieces for further operations.

casting

Figure 4.5. Schematic representation of cast formation (a) solid (b) drain casting
4.2.4. Synthesizing

After mold release, sample were calcined at 250 °C for 15
minutes for removing hydrated'water_ ” The samples were
synthesized using both modes of combustion, wave propagation énd
thermal explosion as shown schematically in Figures 4.6. and 4.7.

For wave propagation mode, combustion was carried out by igniting
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one end of the sample which was 12x17x30 mm with a propane torch

after prehéating the sample.

Computer

Thermocouple 1

Thermocouple 2

20 mm

16 mm

12 mm}

40 mm

ignited

Figure 4.6. Combustion velocity measurement setup for wave propagation mode

Thermocouple

Figure 4.7. Furnace cdnfiguration for thermal explosion mode of combustion

Two different furnace temperature, 700 °C and 1000 °C, were
employed in thermal explosion mode to which the sample which was

12x17x10 mm was placed and kept for 5 minutes in the furnace.
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4.3. Characterization

4.3.1. Rheological

Rheological behavior of tH‘e slurries in the experiments were
analyzed by Brookfield LVTDV-Il digital viscometer. Viscosity
changes as a function of spindle speed, pH and time were recorded
using #4 spindle of LV series and 100 ml beaker as a sample
container. The measurements were done at room temperature, 22 *
2 °C. The typical schematic of viscosity measurement is shown

below in Figure 4.8.

Starting at lowest spindle‘ speed, the viscosity readings at
each successively higher speed were recorded until the reading goes
off scale. A graph of these readings is the up curve of the plot.
Without stopping the viscometer, spindle speeds were decreased
incrementally to the starting point by noting the reading at each
speed. These readings were formed the down curve of the graph. The
time interval between each spindle speed change was 15 seconds.
Both down and up curves were measured five times and then average

of each point was taken.
Where up and down coincide, the slurry is called time

independent and then pseudoplastic and dilatant behavior of the

slurry are analyzed. If they do not coincide, slurry shows time
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LVTDV-II

spindle #4

slurry

100 mi
beaker

Figure 4.8. Schematic representation of viscosity measurement setup

dependent behavior at which thixotropic and rheopectic flows were
considered. The slurry is called thixotropic when the up curve

indicates a higher viscosity than the down curve.

The effect of pH on viscasity of the slips were examined by
addition of drops (~0.025 grams/drop) of 25 %vol distilled water
- diluted hydrochioric acid using a pipet. After dropping the

deflocculant, the slurry was stirred thoroughly, and the variations
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for the pH and the viscosity were noted. The same procedures were

repeated until a pH value of 2 to 3.

The time dependent analysis was also done by plotting
viscosity vs time using #4 spindle and at 12 RPM of spindle speed.
The viscosity measurements were taken each 15 seconds after the

rotation of spindle begins.
4.3.2. Propagation Velocity

Combustion velocity of samples were measured by data
acqursition systerh using type C thermocouple, tungsten - 5%

rhenium (+lead) and tungsten - 26% rhenium (-lead).

Kaleida Graph™ software was used for analyzing all the data.
The data acquisition system were set up with a Macintosh SE
computer, 16 bit data acquisition card (ACSE-16-8), terminal panel
(TS1) and the Analog Connection Waorkbench™ scftware.

The thermocouples were placed into the sample with 2 cm
distance by embedding in a 0.5 mm dia, 5 mm deep hole which was
drilled into the sample. The thermocouples were connected to the
data acquisition system which recorded the temperature every 0.1
second. The sample was Synthesizéd by igniting one end with a
prbpane torch after preheating the sample. The temperature aga}nst
time data collected were plotted using Kaleida Graph Software. The

time passed for the combustion wave from the first thermocouple to
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the second was measured from the plot. Since the distance between
the two thermocouples, 2 cm, was known, the combustion

propagation velocity along the sample was calculated using Xpi=Vct.

4.3.3. Porosity

Powder packing by slip casting leads to a porous preform and
this initial porosity Iével further increased after combustion mainly
due to the density differences between reactants and products. The
porosity levels of both the preform and the final product were
calculated. The external volume of the samples were calcuiated
from the measured thickness, height and width. The true volume of
the samples was }ﬁeasured using Helium pycnometer, model
AccuPyc1330, Micromeritics Co. The porosity level was calculated
from (external volume - true volume) / external volume. The
porosity level of preform was also calculated for solid cast sample

by measuring the shrinkage value from the riser.
4.3.4. X-ray diffraction

X-ray diffraction was done to identify the phases formed in
combustion synthesized samples. The Siemens diffractometer which
is Ni filtered Cu tube operating at 40 KV and 30 mA with a
wavelength of 0.154051 nm, model D500, was employed for Xjray

diffraction work.



All samples were placed in 99.5% alumina mortar and
powdered into -100 mesh by 99.5% alumina pestle.. X-ray analysis
was done on powdered samples in the range of 26 from 20 to 80 with

a scanning speed of 0.05 degree/seconds.
4.3.5. Microscopy

In- order to study the morphology, the longitudinal and
transverse sections were cut and polished with 600 grit SiC
polishing paper. Further polishing was done with diamond pastes to
a 0.25‘ micrometer finish. The sample surfaces were viewed under
both a optical microscope and a Cambridge Sterecscan 600™
electron microscope (éEM) with an energy dispersive X-ray analysis
and elemental mapping facility. For SEM analysis, the samples were
sputtered with gold (200 °A). The electron diffraction patterns
were obtained using Philips CM12™ transmission electron

microscope (TEM).
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5. DESIGN MODELING OF SLIP CAST MICROPYRETICALLY
SYNTHESIZABLE MATERIALS |

One of the objective of this work is to study the changes in
porosity level of slip cast preforms with siip processing variables
such as vol% solid loading, particle size distribution and
deflocculation level.  Further such variables can be related to
reaction kinetics and final porosity level at the synthesized product.
Both of the processes, slip casting and micropyretic synthesis, have
often been observed to exhibit rather complex and seemingly

unpredictable mechanisms.

There are no fully established universal models for any of
them. However, there are several simplified analytical and

experimental relationships for casting and reaction kinetics.

- From the literature survey, the equations (2.28-2.31) which
relates viscosity with vol% solid loading and porosity have been
found to have a common derivative form and are not far different
from the Einstein equation. However, the Quemada's equation has
been applied successfully for many poyldisperse suspensions and
showed better agreement with most experimental data [121, 124
125] In order to relate slip casting parameters with casting and
reaction kinetics, the Quemada's equation will be chosen in ~the
model. D'Arcy's law [117] and propagation velocity expression by
Lakshmikantha et al [76] will also be used for casting and reaction

kinetics analysis consideration of the Quemada's equation.
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The models chosen for cast formation and reaction kinetics
consideration were solved using experimental data. The results and

discussions were given in the following sections.

The method of analysis are based on the assumptions due to the

constraints and required simplifications

1. Concentrated polydisperse systems sthied exhibit Newtonian

behavior.

2. Viscosity and porosity data were obtained Brookfield, LVDTV-II

viscometer at 12 rpm and Micromeritics, AccPyc 1330 respectively.
3. Castings were made at the minimum slurry viscosity at pH=5.

4. Solid particles accumulate at the mold surface during casting

process.

5. The heat generation due to the exothermic reaction creates a

narrow reaction zone which propagates along the sample.

. 6. Full conversion is obtained during the reaction
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5.1. Porosity Formation and Casting Kinetics

Modeling of casting kinetics deals with consalidation of solid
particles at the mold surface in the one dimensional case for casting
process which is schematically given in Figure 5.1. The motion of

liquid portion of the slurry is due to the capillary suction pressure.

Xs
Xs
Xs : Slurry-air interface (t=0)
Xs : Slurry-air interface (t>0)
SLURRY Xc :-Slurry-cast interface (t>0)
Xc
0

Figure 5.1. A Schematic model for cast formation

The linear flux of the filtrate in one dimensional case may be

written based on Figure 5.1. [109]

J=(A_)%\_/t§ (5.1)

where J is flux, Vs is volume of slip, A is area and t is time.
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Since dV¢ = - Ad(XS - Xs), equation (5.1) becomes [109]

J=d%s) (5.2)
dt
From D'Arcy's law [117]
J=2dP (5.3)
N dX; A

where o is permeability, dP/dXc is pressure gradient and n is

viscosity.

Viscosity of the slurry can be written using equation (2.30)
considering the solid concentration and casting porosity.

Since dX, < \Y0!% salid) (5.4)

100(1-)

Then equation (5.2), (5.3), (5.4) and (2.30) together

100(1-mw)
vol% solid

dP__
dXe

1.vol% _salid
100(1-w)

S

-2} dXg
: 5.5
| (5:5)

where ng is suspending medium viscosity.
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5.2. Reaction Kinetics

Modeling of reaction kinetics deals with the equation
considering non-melting reactant radius and the different
thermophysical and chemical properties of reactants and products
which has been derived using a diffusion kinetics equation by

Lakshmikantha et al [76].

<o i <R o
K. _

where

f(pq) A+B|n(K ) (5.7)
K(u\

with

A= 3Cp(TC To) 0.5g(pm-pw) N
- K ()
(oqu >(p —p) p(ume-K<u>))((K<r>-K<u>)-2Km))

2(Kw-Kw)?

g - OSqK p(r)p opkgp Ko K(u)))K(u)2
K- K(u))

[3Cp{Tc-ToKw
(Ko-KwP

Cp = 0.5(P@Cpr -pCpu) 4 0.33(P® -P)Cpr -Cpu
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The average thermal conductivities and densities for reactants
and products are calculated fro the sum of the product of volume
fractions and properties of each component. Consideration of
porosity in the calculations of thermophysical properties was given
in the literature [76]. These properties can be redefined considering

Quemada's equation

K = 2 vol%_solid H VEK; (5.8)
300(1 -q/_j]_ - vol% solid
p= vol% solid HVfipi (59)
100(1 -/ - |
Ir

Equation (5.6) assumes the reacting system in which the
reactants give rise to the products in a single step. However, there
are at least two possible sequential reactions in the
aluminothermite based reaction (reaction 1), reduction of SiO2 to
form Si and interaction of reduced element with C to form SiC [13].
According to this model, the adiabatic temperature exceeds melting
point of Al and the decomposition of SiO2 precedes interaction
between silicon oxide and aluminum film to form Al203 and Si. The
formation of SiC may be due to carburization type process since the
melting point of SiC is well above the adiabatic reaction
temperature, therefore, the dissolution éf C in Si and the

precipitation of SiC out of the solution may not be possible.
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6. RESULTS
6.1. Experimental Results

The data of each sample for rheology, cast formation and
reaction kinetics under different processing condition are given in
tabular form in Tables 6.1.-6.5. Examples of the plots of combustion
temperature against time from which reaction rates were obtained
were also given in appendix B. Detail analysis and discussions on

the results are made in the next section.

pH in relation to rheologicél properties of slurries from Table
4.2. to 4.6. were studied. Viscosity of slip was found to be very
sensitive to the pH changes and vel% solid loading. The viscosity

showed a characteristic minimum at a particular value of pH as

A
PVA-water 1430A2Nd i
suspension suspended siip
‘»
Q
k:
>
—
5 7.5 pH

Figure 6.1. Schematic representation of viscosity-pH relationship
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Table 6.1.

Experimental results

| vol% solid = 44.4

sample code | A24 A23 A22 A2l
wt% submicrometer SiO2 6.04 9.39 16.06 21.05
in_solid
viscosity 5.0 < 100 150 200 262
(cps) pH [7.5 350 551 | 601 726
porosity (green) 5.0 43.1 428 41.9 40.5
(percent) pH 7.5 43.5 432 429 42.1
combustion velocity
(mm/second) 3.35 3.75 3.88 4.10
porosity (combusted) '
{percent) , : 35.3 54.6 53.7 53.5
volume change during
combustion (percent) -18.3 -18.6 -19.0 - 213
weight loss during
combustion (percent) 2.9 3.5 3.6 3.9
Table 6.2. Experimental results (continue)

| vol% solid = 51.0
sample code [ A34 A33 A32 A3l
wi% submicrometer SiQ?2 6.04 9.39 16.06 21.05
in_solid
viscosity 5.0 240 264 650 701
(cps) pH [7.5 750 902 2.500
porosity (green) 5.0 40.6 38.9 375 349
(percent) pH 7.5 41.7 40.8 40.4
combustion velocity
(mm/second) 3.71 3.94 4.67 4.90
porosity (combusted)
(percent) 52.5 51.0 50.8 50.35
volume change during
combustion (percent) -18.6 -19.7 -19.9 -24.3
weight loss during
combustion (percent) 3.0 3.2 34 3.7
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Table 6.3. Exiperimemal results (continue)

| vol% solid = 55.0

sample code | Ad44 A43 A42 A4}

wt% submicrometer SiQ2 6.04 9.39 16.06 21.05
in solid

viscosity 5.0 | 1360 § 1420 | 1.850 | 2,560
(cps) pH [7.5 2,100 3,960 4,500 6.160
porosity (green) 5.0 36.8 345 33.2 323
(percent) pH |7.5 373 36.8

combustion velocity

(mm/second) 4.68 5.09 5.69 5.85 |
porosity (combusted)

{percent) 48.4 479 47.6 474
volume change during

combustion (percent) -19.9 -20.3 -22.4 -23.9
weight loss during

combustion (percent) 3.1 3.1 2.7 3.0

Table 6.4. Experimental results (continue)

| vol% solid= 60.0]=51.0

sample code | A54 AS51 ABl AB2
wi% submicrometer SiO32 6.04 21.05 13.60 14.70
in _solid

viscosity 5.0 7.050 7.320 1.360 | 2.030
(cps) pH [7.5 10.350 | 22.265
porosity (green) 5.0 32.3 31.6 33.29 33.44
(percent) pH |7.5

combustion velocity

{mm/second) 3.32 6.10 11.7 8.90
porosity (combusted)

(percent) 473 475 58.2 53.5
volume change during

combustion (percent) -23.9 -22.7 -33.2 -29.1
weight loss during

combustion (percent) 3.3 4.5 9.2 7.0




Table 6.5. Experimental results (continue)

compaction

samples
sample code | Pl P3 P4 P35
wt% submicrometer SiO2 0.00 6.04 9.39 16.06
in_solid (PEG)
porosity (green)
(percent) ‘ 45.8 38.0 37.5 37.1
combustion velocity
(mm/second) 3.4 4.2 4.6 4.9
porosity (combusted)
{percent) 38.2 525 52.9 53.3
volume change during
combustion (percent) -22.8 -23.3 -24.6 -25.4
weight loss during
combustion (percent) _ 0.4 0.5 0.9 0.8

shown schematically in Figure 6.1. Note that, for the colloidal silica
suspended slip, the minimum viscosity is realized below pH 7 and
for the distilled water suspended slip, the minimum shifts to region
where pH is more than 7. For 1430AT™ suspensions of reaction 1 at
pH=5, Figure 6.2. shows viscosity against vol% solid plot at different

wi% submicron particle content.

Both viscosity vs pH and viscosity vs shear rate (spindle
speed) measurements were performed. All slurries showed time
dependent behavior and shear thinning where viscosity decreased
with increasing shear rate (see section 7.1.2). However, at higher
solid loadings and at pH = 5, less time dépendency for the slips were

noted.
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The cast preforms and synthesized samples are shown in
- Figure 63 The porosity level at the green cast preform were also
measured. The results indicate that the sample with high colloidal
silica and solid content has predominantly less porous and smaller
pore size structure. The measured borosity levels for both process,
slip Casting and compaction were comparable. It is also noted that
su‘bmicron sized particles from colloidal silica, 1430AT™, increases

combustion rate as well as conversion efficiency of the reaction.

The data obtained from compaction practices are comparable
to slip cast route. Since there are no plastic deformation, powder
blend of reaction 2 could not be compacted without binder addition.
The sample P1 to which binder was PEG showed the highest porosity
level at green form after binder removal. The porosity levels for
samples P3, P4 and PS5 were close to the slip cast samples with 51.0
vol% solid loading. However conversion efficiency of the reaction
for the compaction samples was relatively higher than the slip cast

sa‘mples.

The shape change (dimensional) was minimal (£ 1 %) for slip
cast samples during combustion synthesis. However, compaction
samples showed up to 10 % expansion in the dimension parallel to
the compaction direction. Li and Sekhar [41] have concluded that
dimensional changes are strongly influenced' by the porosity of
. synthesized product which also affects the mechanical propert{es.

Although none of the mechanical test measurements was employed,
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the fracture toughness of the slip cast samples were qualitatively
comparable with the compacted samples. -The main reason for not
doing any mechanical test was the casting defects such as cracks,
shrinkage defects etc. which were not be eliminated totally in the
process. These problems primarily arises from dryihg and design

practices of casting.
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Figure 6.2. Viscosity as a function of vol% solid loading
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Figure 6.3. Micropyretically synthesized slip cast (a) preforms and (b) synthesized
samples
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6.2. Model Results

By using the data from Table 6.1-3., the values of n, calculated
from Quemada's equation [124] n,=(1- (vol% solid/100{1-w))) 2 and
then both n (experimental) and n.(Quemada's equation) plotted
against vol% solid as shown in Figure 6.2. and 6.4 respectively.
Table 6.6 summarizes the relative viscosity values calculéted from
Quemada's equation at different solid loadings and submicron
particle size concentrations. At 44.4 vol% solid and different
submicron particle concentrations, experimentally measured values
for casting thicknesses as a function of time are presented in Tabie
6.7.} Using these data, Cast thickness as a function of time was
plotted as shown in Figure 6.6. By using the data from Table 6.1 and
6.7, the values of ¢dP/dXc were calculated from casting kinetics
equation, equation (5.5), and then plotted against Xc as shown in
Figure 6.7. Xc (slurry-cast interface) values were calculated using
the equation (5.4). Xs was measured experimentally by monitoring

the slurry-air interface. .

Table 6.6. Relative viscosities calculated from Quemada's equation

wt% submicon SiQ2 in solid

6.04 3.39 16.06 21.05

vol% solid}44.4 [ 510 [55.0 |44.4 | 510 {550 |44.4 |51.0 |55.0 |44.4 |51.0|55.0

porosity%| 431 |40.6 |36.8 |42.8 {383 |34.5 |41.9 [37.5 [33.2 |40.5 |34.9 |32.3

nr 20.7 1 50.0 1 59.4 |200 |36.6 [ 45.3 | 18.0 }23.4 | 32,0 {15.5 |21.3 | 28.4
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Table 6.7. Data for cast formation at vol% solid= 44.4, (pH=5.0)

time after casting, 30 60 120 300
sec

Xc,cm | Xc, cm Xc, cm Xc, cm

6.04 0.280 | 0.467 0.779 0.966

wt% SiO2 9.39 0.330 |0.590 0.797 0.959

16.06 0.367 |0.662 0.865 0.974

21.05 | |0.394 |0.739 0.943 0.982

Table 6.8 shows the thermochemical and physical data used in
the analysis for reaction 1. The values for K, K, p), p(n and EB
have been calculated using equations (5.8-9) and the data from Table
6.1-4 and Handbock of Thermophysical Properties of Solid Material
by Goldsmith et al [128,129]  The activation energy for the reaction
1 has not been previously reported. In order to obtain the activation
energy, E, of the system, the velocity and the temperature of the
reaction were experimentally measured. From the plot of In(v/Tc)
against (1/Tc) as shown in Figure 6.5., the activation energy was
calculated. For reaction 1 with 21.05 wt% submicron concentration,
the pre-exponential factor, Kg, was chosen in the range of 2.0x10%
to 6.0x109 to which calculated combustion velocities approximates
to experimentally measured com'bustion velocities. Reaction
kinetics equation, equation (5.6), is solved for different vol% s~olid
loading at 21.05 wt% submicron powder in solid and then,
combustion velocity against vol% solid loading was plotted as shown

in Figure 6.8.
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Table 6.8. Thermochemical and physical data for reaction 1

Kw, |Ko  |pw e |Cp

J/msec®K kg/m:3 kg/m3 J/m3K

44 4 |1823 |45.43 123.27 1553 |1706 |1.98e+6

vol% solid 51.0 |1848 [50.89 |25.07 {1699 |1817 [2.14e+6
55.0 {2023

53.52 [26.97 {1767 (1930 |2.25e+6

g, J/kg 2.64e+06

i To, °K 873
E, J/mole 97,811
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Figure 6.8. A plot of calculated and experimental combustion velocity as a function of
. vol% solid for samples Ai1 for different Ko values



7. DISCUSSION OF RESULTS
7.1. Rheology of Slurries and Cast Formation

T'he state of the particulate dispersion is mainly affected by
the vol% solid loading, pH and particle size distribution. The
viscosity of the suspensions increases drastically when the vol%
solid in the suspensi‘on is increased beyond a critical value. All
compositions suspended with 1430AT™ showed thixotropic behavior
and were able to deflocculated at moderate acidity. It is also
experimentally observed that wt% submicron powder‘ concentration
in- solid increases slurry viscosity. It also appears that the initial
trends in both the casting rate and the values of ¢dP/dXc show an
increase with wt% submicron concentration and fail to provide
consistency with the higher packing densities due to fine particles
as shown in Figure 6.3 and Figure 6.6-7. After the initial transient,
both the casting rate and the values of @dP/dXc show a relative
decrease for the suspensions higher fine particle concentration.
This indicates that the suspensions with higher fine particle
concentration have agglomeration and possibly lose some colloidal
size particles into the mold at the beginning of the casting process.
As the casting process proceeds, the permeability and the casting
rate decrease and densification in the cast was developed by further
filtration of the sﬁspension. from the riser. For better understanding
of the complex nature of colloidal consaolidation, a z~eta
potentiometer and further experiments are needed to monitor the

evolution of the rheology of suspensions during casting process. |t
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has been shown that the bulk attracting force for particles of
colloidal dimensions is greater than that of non-colloidal particles
because of the multiplicity of points of contact, even though the
actual force of attraction between two individual colloidal particles
is less than that between two non-colloidal particles. Thus, there
exists a general tendency that the finer the particies, higher the
suspension viscosity and lower the permeability [94]. In addition to
that submicron par{icles from 1430AT™ could facilitate the

nucleation of the gel network, therefore, increasing the viscosity
[130]

7.1.1. Relationship between viscosity and pH

7.1.1.1. Effect of binder type and particle size

The feasibility of the suspending medium, 1430AT™, on
dispersion of the powders involved in the reaction 1 and 2 was
planned to determine. The slip behavior of each reactant powders of
SiO2, Al, C and Cr203 suspending with colloidal silica, 1430AT™,
were investigated separately. The suspensions of SiO2 and Al were
prepared with 51 vol% solid loading with the following

compaositions:

a) 79.82 grams of SiO2and 50 grams of colloidal silica

b) 81.32 grams of Al and 50 grams of colloidal silica

After homogeneous mixing of the slip, the pH was lowered and

the viscosity at each level was measured. Aluminum slip showed
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much lower viscosities than silica slip in the entire acidic range as
shown in Figure 7.1. The maximum viscosity for the silica slip was
observed to occur at around pH = 7. As pH of the slip was lowered,
the viscosity decreased and reached to the minimum at around pH =
5. Further decreases in pH caused the viscosity to increase. For pH
values above 7, The viscosity was again seen to decrease with
increase in pH. However the basic side of the system was not
stﬁdied completely s»ince colloidal silica was not stable in that
range. Since the colloidal silica particle surfaces were alumina
treated, in all cases, the pH values which corresponds to zero point
of surface charge (zpc), and hence the maximum viscosity, slightly
shifted from given pH values in the literature for zpc of all oxides
studied. The pH at zpc .for oxides Al203, SiO2 and Cr203 are 9.0, 2.2
and 7.0 respectively [94]. Because of this special affect of colloidal
silica (pH=8), aluminum slip at which aluminum particles which had
0.5 wit% alumina at surface exhibited very low viscosities in wide
pH range. However viscosity increased as pH approached to 9 which
is pH at zpc for alumina and also ancther increase in viscosity was
observed as pH lowered to the pH where SiO2 reaches to zpc. Similar
behavior was observed for SiO2 slip. The maximum viscosity which
was expected at pH 2.2 was around 7. The reason for this is the
particles are being covered by the cloud of colloidal silica and the
slip is behaving like alumina s!ip conditions due to the surface
treatment for colloidal silica powders. The slip of C and Cr203 for
the same solid loading and colloidal silica suspension could not be
prepared because of the extreme agglomeration. In the case of

Cr203, it was clear that pH value for slip was the pH at arcund zpc
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for CraOs. For carbon, it is believed that agglomeration was due to
‘ the high polarizibility of carbon pbwders which causes particles to

attract one another to form strong agglomerates [107]
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Figure 7.1. A plot of the viscosity as a function of pH for samples SiO2 and Al slips
suspended with coiloidal silica

The effect of dispersant, binder and deflocculation were also
planned to determine if 1430AT™ was compatible for the slip
co'mpositions as given in Table 4.2-7. Samples A21, A26, and A27
correspond to 44.4 vol% solid. Samples A32, A36, A37, and A33
correspond to 51.0 vol% solid. Samples B10, B11, and B12
correspond to 40.0 vol% solid. The effect of suspending medihm
(distilled water and 1430AT™), binder (PVA and 1430AT™) and
dispersant (DARVAN-C™ and 1430AT™) were investigated. For baoth
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suspensions, A21 and A27 to which wt% submicron SiO2 are 21.05
and O respectively. However, the rheogical behavior of suspensions
are entirely different. Suspension A21 displayed thixotropic
behavior while A27 did not. Without dispersant DARVAN-C™, sample
A26 couldn't be deflocculated, although it showed a substantial
viscosity decrease at low pH values. It is also interesting to note
that the response of viscosity to pH changes for slip prepared with
distilled water and 1430ATTM is in different manner. The viscosity
of distilled water suspension with DARVAN-C™ dispersion, sample
A27, increases while the viscosity of 1430AT™ suspension, sample
A21, approaches its minimum as pH is lowered. Similar patterns for

the viscosity values were obtained at higher solid loadings as shown

in Figure 7.3.
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Figure 7.2. A plot of the viscosity as a function of pH for samples A21, A26 and A27
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- However, relatively much higher viscosities were nbted in
case of higher solid loadings. The relative viscosities of
suspensions, A36 and A37, with 0.18 and 0.35 wt% dispersant were
investigated at various pH values as shown in Figure 7.3. The
suspension dispersed with 0.18 wt% DARVAN-C™ showed lower
viscosities than sample A37 in the entire pH rangé. The suspension
A33 for which submicron SiO2 content was 9.39 wt% in solid showed
lower viscosities at high pH values while higher viscosity at low pH
values when compared to the suspension, A32, with 16.06 wit%

submicron concentration of solid.
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Figure 7.3. A piot of the viscosity as a function of pH for samples A32, A36, A37 and
A33 ‘
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This behavior could be explained with large surface introduced by
submicron particles from 1430AT™ which causes increase in

viscosity at the pH values (7.5-8.0) closer to the zpc of SiOZ.

The Cr203-Al-C system was alsc investigated for both distilled
wéter and 1430AT™ suspensions as shown in Figure 7.4. However,
the distilled water suspended suspension couldn't be deflocculated
possibly because of incompatibility of DARVAN-C™ with this
particular system. On the other hand, the 1430AT™ suspension gives

reasonable deflocculation and viscosities levels comparable to the
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Figure 7.4. A plot of the viscosity as a function of pH for samples 810, B11 and B12
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reaction 1 as wt% SiO2 increased. Figure 7.4. shows that distilled
water suspended the Cr203-Al-C powder system was similar to both
colloidal silica suspended the Crz203-Al-C and the SiO2-Al-C powder
systems. However relatively high viscosities were observed along

the acidic slips.
7.1.1.2. Effect of solid concentration
The efféct solid loading concentration of the suspension, vol%

solid, on the rheology and cast formation for both the Cr203-Al-C

and the SiO2-Al-C powder systems as well as their combinations
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Figure 7.5. A plot of the viscosity as a function of pH for samples A10, A21, A32 and
A43
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were studied as shown in Figures 7.5., 7.6. and 7.7. The Cr203-Al-C.
combustible powder system was also studied with SiC dilution at

different solid loadings as shown in Figure 7.8.

All powder systems showed the characteristic behavior of
colloidal silica suspended slips. In general at higher solid loadings,
higher viscosities weré obtained. It is noted that, in all cases as
expected, the pH valué where highest viscosity is obtained decreases
as solid loading increases. Also pH ranges which correspond to

lowest viscosities are very sensitive to the vol% solid loading.
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Figure 7.6. A plot of the viscosity as a function of pH for samples B10, B20 and B30,

The state of the particulate dispersion is affected mainly by the

suspension of the solid concentration. The viscosity of the
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suspensions increases drastically when the solid concentration is
increased beyond a critical value. Figure 7.5. shows the rheological
behavior at several pH values for the SiO2-Al-C and colloidal silica
system. As the pH of the basic slip is decreased the viscosity falls
rapidly to a minimum at pH values between 4 to 6 and then rises

again.

From the point' of view of casting, the desirable suspension
would appear to be one for which the pH value of which falls |
between 4 and 6. The density of the slip should be chosen to suit the
particular application, but should contain between 45 and 55 vol%

solid for these system.
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Figure 7.7. A plot of the viscosity as a function of pH for samples A32, AB1, AB2 and
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For the salid concentration above 55 vol% solid, the slips are out of
. castability range with very high viscosities. For solid concentration

below 44 vol% solid, the suspensions had high settling tendency.

The Cr203-Al-C powder system exhibited relatively higher
viscosities than the SiO2-Al-C system. As wt% of the Cr203-Al-C in
the Si0O2-Al-C slip ihcreases, pH ranges widens for low viscosities.
The Cr203-Al-C slurfy system also exhibited no viscosity change

below pH 6. However, viscosities rises rapidly with density and is
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Figure 7.8. A plot of the viscosity as a function of pH for samples D10, 520, D30 and
D40

most noticeable in suspensions containing more than 44 vol% solid

indicating possibility of more interconnected or agglomerated
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structure. One of the reasons for this phenomena could be the
particle size of Cr203 which is in th.e range of 0.5 to 1 microns. At
51 vol% solid, the extreme viscous characteristic of this system
totally changes when it is uséd together with the SiO2-Al-C system

at different concentrations.

Addition of SiC dilutent to the Cr203-Al-C slurry system
brought full deflocclation for entire acidic range with very low
viscosities. The reason for this behavior could be the SiO2 impurity

content of SiC powders, which is on the powder surface.

The processing diagram of reaction 1 for the suspension
viscosity at full deflocculation (at minimum viscosity) as a function
of -processing parameters is given in Figure 7.9. Using such diagrams
is helpful to search the optimum condition for the process.
Generalization of such diagrams is unlikely, therefore, it must be
developed separately for each particular system. The bar codes, on
the right hand side of the plot, indicate the level of the viscosity of

the suspensions.

In summary, The minimum viscosity for 1430AT™ suspension
is realized using HCI at moderate acidity. Upto 55 vol% sclid loading
with 20 wt% submicron concentration in solid gives suitable

conditions for slip casting purposes.
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7.1.2. Relationship Between Viscosity and Spindle Speed

The viscosity changes were recorded with changing spindle
speed (RPM) and the up and down curves of viscosity were noted for
the slips of compositions A10, A21 and A32. The effect of spindle
speed, RPM, on the viscosity readings are shown in Figures 7.10-a,
7.10-b and 7.11 respectively. All these blended samples show an

decrease in viscosity with the shear rate.

Figure 7.12 indicates the viscosity changes as a function of
time for composition A32. [t is noted that time dependent behavior
under constant shear rate, 30 RPM, shows slight decrease in
viscosity with time. However, viscosity appears to increase after
some time (~ 30 minutes) possibly due to corrosion of aluminum and

gelation.

There exists a general trend that higher the solid loading and
submicron concentration, less change in viscosity with time. This
must be primarily due to reduced settling tendency and thixotropy
[94,121]  |n all the cases the up curve showed a higher viscosity
than the down curve which indicates that slurries were thixotropic.
However thixotropic behavior decreases as voli% solid increases. It
is also noted that the lowest viscosities were obtained for all three
suspensions at pH = 5 where thixotropy also decreases and/or ‘the

~ suspensions approach to Newtonian behavior.
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7.2. Packing Density

The effect of submicron particle size and solid concentration
on particle packing have been studied at different deflocculation
levels. The slip compositions investigated in this section is shown

in Table 4.2.-7.

Quemada modei, presented in the Section 5, for the relative
viscosity and packing factor is examined and compared with the
experimental results. Viscosity of the suspending medium,
1430AT™ with distilled water, is around 10-15 cps. The
comparison is noted to be close agreement with the data of low
solid loading suspensions at the moderate shear rate. However, a
poor agreement is observed at the solid loadings higher than 50% and
wt% submicron concentration lower than 21.05%. The effect of
submicron concentration was also poorly represented by the model

since it is simply based on vol% solid and void fraction of the cast.

Verification of these results need to be backed up by a sound
theoretical basis and require strict definition of experimental
condition. All experimental data used in this study were obtained
using Brookfield LVTDV-IlI digital viscometer at moderate shear
rates with spindle #4 and 100 mi sample contain_er. Finally, in order
to take into account non-Newtonian' effects, the non-Newtonian

extension of the relation may be required [124,125],
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Particle size effect on porosity formation for the samples
fabricated by compaction was also investigated as shown in Figure
7.12.  Using 1430AT™ binder, average of 37.5% porous green
preforms were obtained with the compaction pressure of 10,000psi.
At O wit% submicron concentration, high porosity% was due to the
narrow particle size distribution and the removal of the aorganic

binder, PEG.
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Figure 7.12. Effect of submicron powder concentration on the porosity level of green
compact for compacted samples; P1, P3, P4 and P5

The compositions At4, A25, A35 and A45 to which submicron
particle size concentration in powder are 2.16% could not" be
removed from the mold. These samples showed very low green

strength due to the low colloidal silica content. Sufficient green
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strengths for handling purposes were obtained with submicron

concentration higher than 6%.

7.2.1. Effect of pH

The slurries, A2j and A3j, were casted at pH values 5 and 7.5
which are correspands to deflocculated and agglomerated .ranges for
the slurries as shown in Figure 7.13. As pH increases from 5 to 7.5,
the packing dehsity decreases by 1-10% at a given vol% solid and
wt% submicron SiO2. At higher submicron sized powder
concentration, the variation in packing density was more sensitive
to pH changes since fine particles caused higher viscosities to the

slips at the same pH levels.
7.2.2. Effect of Particle Size

The submicron silica powder concentrations in powder were
varied from 21.05 wt% to 6.04 wi% through the compositions as
shown in Figures 7.13 and 7.14-a. As submicron size concentration
increased, packing density increases up to 15% as shown in Figure
7.13-b. {t is expected that increasing the fine particle
concentration would lead to increase in the packing density. Since
widening the distribution of particles allows the smailer particles
to fill the voids of larger sized particles, therefore, packing density

can be improved by optimization of distribution of particle size.
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7.2.3. Effect vof Solid Concentration

The solid concentration of the slips showed a significant
effect on the packing density. As the solid concentration increased
from 40.4 vol% solid to 60.0 vol% solid, the packing density showed
a marked increase. For samples A5, 55.0 vol% solid, the porosity

percentages was around 33%.

The plot of packing density as a function of solid loading,
44 .4, 51 and 55 vol% solid, are given in Figures 7.13-14. From 44.4
to 55 vol% solid loading, the packing density increases 10 to 20% as

the solid concentration in the suspension increased.

Figure 7.15 shows the processing diagram for reaction 1 from
which porosity formation in the green preform can be determined
with known processing parameters vol% solid and wt% submicron
SiO2. The bar codes, on the right hand side of the pldt, indicate the

level of the porosity% on the constrained surface plane of the plot.

In summary, higher the solid loading and submicron
concentration, higher the packing densities and/or lower the
porosities. One possible explanation for this is that, at low solid
concentration, the slip becomes relatively less dispersed and more

agglomeration occurs
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7.3. Reaction Kinetics

The Kinetics of micropyretic reactions are considered to
predict the behavior of the reaction during the combustion. For a
given system, the combustion mode is influenced by both kinetics
and thermodynamic factors leading to either steady or unstable
modes for combustion [8, 59-65]. For all compositions studied, the
combustion propagation was i-n the steady-state mode and the
possible reaction mechanism was the one that the adiabatic
terﬁperature exceeds melting point of Al and the decomposition of
SiO2 precedes interaction between silicon oxide and aluminum film
to form Al203 and Si. The formation of SiC may be due to
carburization type process since the melting point of SiC is well
above the adiabatic reaction temperature, therefore, the dissolution
of C in Si and the precipitation of SiC out of the solution may not be
possible.  After initial transients, the Kkinetics become parabolic
with time. _The reaction rate controlling step is the inward
diffusion of Si via grain boundaries of SiC layer, followed by the
reaction at the SiC-graphite interface [8,13,131].  The modified
analytical model for combustion velocity, presented in Section 5, for
slip cast micropyretic system has been developed considering slip
parameters and both thermophysical and chemical properties for
reactants and products. Application. of this model to the
micropyretic synthesis of the reaction 1 has been carried out to
study the variation of combustion front with the slip casting
parameter, vol% solid loading. The comparison with the

'experimentally determined values for reaction 1 with 21.05 wt%
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submicron concentration are noted to be in close agreement for the

selected pre-exponential factor, Ko, in the range of 3.5x109 to 4.5

x109.

The results show that as the slip casting parameter, vol% solid
loading, is increased, the cast porosity decreases, therefore, the
combustion velocity increases giving higher conversion efficiencies
for the reaction. As may be noted from equations (5.6), (5.8) and
(5.9) voi% solid loading, is directly proportional to the thermal
conductivity and density of the reactants and the products. Thus all
the thermophysical and chemical properties are required to be
considered in the combustion velocity expression [76].. However, the
.{/alidity of the model is found to be related to how precisely the
thermophysical and chemical properties are known or determined.
Furthermcere, it is concluded that the analytical solution is roughly
80% approximation of the true solution [87]. Both experimental and
mode! results indicate that combustion velocities for reaction 1, 4
to 6.5 mm/sec, are relatively much lower than most micropyretic
systems. Preliminary mixing occurs through capillary spreading of
the liquid along the surfaces of the naon-melting species since
melting temperature of some of the reactants is lower than the
combustion temperature. At relatively low temperatures, the
r'nigration‘ rate of aluminum reaches 1-1.8 cm/sec [132] and its
migration rate is faster than the reaction rate, therefore, it all\ows
the migrating component to remove a large amount of heat from the

reaction causing further decrease in the reaction rate.
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Figure 7.16. Weight losses as a function of time for green sampie A10

Combustion velocity and temperature measurements were
performed to find out the effect of particle size and packing density
(vol% solid loading) for the  micropyretic reaction 1. Before
micropyretically synthesizing, all samples were dried at 250 °C for
15 minutes. During dehydration, green cast preforms lost weight
from 0.75 to 2.5 wt%. An example of TGA curve to dehydration
process for sample A1 is shown in Figure 7.16. To measure the
combustion velocity, two C type thermocoupies at 20 mm apart were
placed into the green preform and the sample was micropyretically
synthesized with propane torch from one end after preheatimg the
sample to 600 °C since the reaction is weakly exothermic. The wave

propagation mode of combustion proceeded from one end to the
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Figure 7.17. A plot of combustion velocity as a function of solid concentration by volume
for samples Ait

other and temperature response recorded with the data acquisition
system. Examples for such measurements are given in appendix B.
The time taken by the propagation front to travel from one
thermocouple to the other were calculated from the temperature
against time graph. Since the distance between the two
thermocouples are known, the combustion velocity can be calculated
from the relation, X = Vt. The combustion Ve!ocity measurements
were done for samples Ai1, A3j, AB1-2 to which processing
variables were vol% solid, wt‘_’/o submicron concentration and
reaction 2 concentration'as shown in Figures 7.17, 7.18 and 7.19
respectively. However the maximum temperatures obtained érom
these measurements was much lower than the adiabatic

temperatures for these reactions. The main reasons for this could
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be the incompleteness of the reactions and heat losses. It is also
possible that the thermocouple response time may not be quick

enough to match the very high reaction rates.
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Figure 7.18. A plot of combustion velocity as a function of reaction 2 concentration by
weight for samples A32, AB1 and AB2

7.3.1. Effect of Packing Density

The effect of green preform porosity on the combustion
velocity has been investigated for compositions Ait as shown in
Figure 7.17. As the vol% solid loading is increased, the packing
density and the combustion velocity increases. Lower densities are
indicative of lower particle coordination numbers and hence lower

- areas of contacts between the reactants. This in turn means lower
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reaction température and corresponding velocities. The results of
Figure 7.17 are consistent with this expectation. Since the samples
fabricated by slip casting had lower green porosities than the
compacted samples, lower combustion velocities were obtained for

compacted samples as shown in Figure 7.20.
7.3.2. Effect of Particle Size and Compasition

The effect of particle size on combustionl velocity of the
éompositions A3j (vol% salid = 51) as shown in Figures 7.19 . Figure
7.19 indicates that the fine particles concentration in the preform
influences the combustion velocity. The reaction rate may be
significantly affected by the addition of catalysts, ignition
temperature and maximizing area of contact of the reactant
particles. Maximizing the area of contact may be accomplished by
using fine particle size and/or high atmospheric pressures [132].
For samples AB1 and AB2, the Cr203-Al-C and SiO2-Al-C exothermic
reactions were studied together. The wt% of Cr203-Al-C which is
referred to as reaction 2, were 47.7% and 26% respectively.
Addition of reaction 2 increases the combustion velocity although
its opposite effect on packing density. The packing density was
lowered with the addition of reaction 2 due to higher viscosities
obtained at the cast condition at which pH was 5. The processing
diagram of reaction 1 for the combustion velocity as a function of
processing parameters is given in Figure 7.21. The bar codes, on the
right hand side of the plot, indicate the level of the combustion

velocity.
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7.4. Microstructure and Property

7.4.1. Porosity Formation

The effect of solid concentration, particle size and
composition on pore size and percentages in the synthesized samples
were investigated for the samples Ai1, A3}, AB1 and AB2 as shown

in Figures 7.22, 7.23 and 7.24 respectively.

Figure 7.22, 7.23 and 7.24 indicate that the porosity level further
increases upon - synthesizing. The_relative change in the final

porosity decreases with increase in solid locading and submicron
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Figure 7.22. A plot of porosity% of green and synthesized samples as a function of solid
concentration by volume for samples Ait
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particle concentration, and increases with increase in reaction 2

concentration.

As mentioned earlier, the porosity% of green cast preform is
mainly function of solid loading, submicron particle concentration
and deflocculation level. However, the final porosity mainly due to
the density differences between reactant and product, the

conversion efficiency and the initial porosity.

The reaction, SiO2 + Al + C ==> Al203 + SiC, yields around 30%
volume change ([volume'of products-volume of reactants]/volume of

reactants) because of density differences between reactants
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Figure 7.23. A plot of porosity% of green and synthesized samples as a function of
submicron silica powder concentration by weight for samples A3j
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and products. On the other hand, the experimental values were
around 20-25% as shown in Figure 7.25. This indicates that full
co:nversion for the reaction 1 couldn't be achieved. However, the
conversion efficiency is improved by increasing solid loading
(decreasing initial porosity), submicron particle size and reaction 2
(reaction aid) concentrations. The lowest final porosity, 47.3%, was
obtained at 60% solid loading and 21.05 wt% submicron
concentration as shown in Figure 7.22. According to the these
results, the highest conversion efficiency were at 60 vol% solid
loading with 21.05 wt% submicron concentration, sample A41, and

45 wt% reaction 2, sample AB1.
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Figure 7.24. A plot of pofosity% of green and synthesized sampies as a function of
reaction 2 concentration by weight for samples A32, AB1 and AB2
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Figure 7.25 and 7.26' also shows that weight loss% due to
combustion increases with increase in vol% solid loading, wit%
submicron concentration and wi% reaction 2. This results indicate
that some of the porosity formation could be due to the weight
losses during the reaction. During synthesis of all the compositions,
some gas evolution could be observed because of the impurity
content of reactants and possible intermediate steps in the thermite
reaction. Cutler and his co-waorkers [120] have been able to detect
the principal gases using in-line mass spectrometer as Hz, CO and
SiO (1.16X10-3 moles gas/gr reactants) on cold presSed Si0O2-Al-C

parts during micropyretic reaction.
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7.4.2. Product Phases

X-ray diffraction were used to identify phases of synthesized
materials. The diffraction patterns as shown in Figures 7.28, 7.29
and 7.30 can be indexed to two main phases: o-Al203, hexagonal
structures and B-SiC, cubic structures. Besides these major phases,
Silicon and carbon were also present because of reaction
incompleteness. Figure 7.28 shows the diffraction patterns of
samples A21, A22 and A23 to which wt% submicron SiO2 in solid are
21.05, 16.06 and 9.39 respectively. The effect of vol% solid loading
is given in Figure 7.29. The samples, A23, A33 and A43 containing
9.39 wit% SiO2, were cast at 44.4, 51 and 55 vol% solid loading. It is
apparent that an increase in wt% submicron SiO2 and vol% solid
loading increase the conversion efficiency (i.e. higher B-SiC
intensities). As concluded earlier, increasing the vol% solid and wt%
submicron SiO2 increases packing density and combustion rate,

therefore, enhance the conversion efficiency.

The conversion efficiency were further increased with CrzOs-
Al-C reaction aid as shown in Figure 7.30. In the Figure 7.30, the
reference material which contains 63 wt% o-Al203 (< 325 mesh,
ALFA) and 37 wt% B-SiC (~1um, Electro Ceram.) is also presented.
X-ray patterns show that slip cast micropyretically synthesized
material has the peaks with identical values of 26 and intensities as

in commercially available powders.
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The fundamental unit in SiC polytypes is covalently bonded
tetrahedron of C atoms with a Si atom at the center. Each C atom is
likewise tetrahedrally surrounded by Si atoms. The cubic structure
is also referred to as B-SiC and all other remaining types as «-SiC.
The conditions of polytype transition in SiC have been affected by
both kinetics and thermodynamic factors. The formation of B-SiC
has been reported by many researchers for the reaction between
silicon and carbon at relatively low temperatures ( < 2400 °K)
[14,131] The adiabatic temperature for reaction 1 is well below
this temperature range, therefore, B-SiC was obtained for all

compositions.
7.4.3. Microstructures

The micrographs of both greven and synthesized samples of A21
are shown in Figure 7.31-a. Note that, submicron particles from
1430AT™ totally covers the larger particles to give denser cast.
Upon synthesizing, the final microstructure has relatively smaller
grain sizes and more porous than the green preform. Note that both
product phases and pores are very homogeneously distributed within
each other almost in the submicron scale. Figure 7.31-b shows the
phases in the sample A21 determined by EDAX analysis: The parent
phase i‘s aluminum rich indicating Al2O3 (gray); the 'second phase is
‘silicon rich indicating SiC (dark); the third phase is Si phase
(bright). )
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Figure 7.31. Micrographs of sample A21 (a) green and synthesized (b) EDAX patterns
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(b)

Figure 7.32. Micrographs of samples (a) A23 and (b) 43 (x200)
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Figure 7.31 and 7.32 exhibit that Sample A43 has
predominantly more SiC grains and less pore sizes than A21 and
A23. All these selected samples suggest that higher solid loading
and submicron powder content show typical features of higher
conversion efficiency and smaller pore sizes. The literature review
given by Huang [131] the reactivity was concluded to depend on the
microstructure, porosity and specific surface of carbon. It was
further concluded that the conversion efficiency into SiC powder
increased and its particle size decreased by decreasing the particle
size of the starting elements [14,131]. No clear correlation found
between the submicron particles concentration and SiC grain sizes
in the compositions studied. However, the initial graphite particle

size appears to play critical role on final SiC grain size.

Figures 7.33 and 7.34 show the X-ray mapping of Al and Si, the
SEM- micrograph and selected electron diffraction patterns of B-SiC
and o-Al203 for sample A21. The SEM image, as shown in Figure
7.34-a, exhibits the phases in sample A21 consistent with X-ray
mappings for Si and Al.  X-ray mapping indicates hcmogeneous
distribution of Al203 and SiC phases as well as unreacted graphite
flakes. It is also noted that graphite particles larger than 5 microns
remained unreacted, therefore, decreases overall conversion

efficiency for the reaction.

145



(a)

(b)

Figure 7.33. X-ray maps of sample A21 for elements (a) Al and (b) Si
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(b)

Figure 7.34. Micrograph for sample A21 (a) and selected electron diffraction patterns

of B-SiC with the zone axis [01 1] at left and a-AloO3 with the zone axis [O‘l 1 O]at right
(b). -
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8. CONCLUSIONS

The thesis has been aimed towards obtaining an optimized
processing method to obtain combustible slip cast components. The
present study showed that exothermic reactions could be used for
producing materials through slip casting process. Based on the

above discussions, the following conclusions have been made.

1.: In the processing of slip cast micropyretically synthesizable
materials suspended with colloidal silica, submicron sized particles
can be used not only to obtain suitable rheological behavior of the
slip (e.g. castability) but also to control microstructures and

property (e.g. porosity and conversion efficiency).

2. Satisfactory suspension and pouring qualities of slurries with
colloidal silica, 1430AT™ Nycol, can be achieved by using small
additions of HC! at moderate acidity. Satisfactory mold release of
castings and sufficient green strength for handling purposes are also
possible for slurries suspended with colloidal silica, therefore, no

other binder and dispersant required.

3. The wt% submicron SiO2 in the slurry is critical and
conversion efficiency and density of product increases with
increasing with submicron SiO2. However, no clear effect on

particle size of carbide formed has been determined.
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4. At pH 4 to 5 such a all slurries has its minimum viscosity to
which the lowest porosity is obtained for any given vol% solid
loading for the compositions studied. All suspensfons show
thixotropic behavior and thixotropy decreases as vol% solid and wt%

submicron powder increases.

5.  The compositions higher in vol% solid loading lead to denser
cast preforms. However solid loadings higher than 55 voi% solid
may yields to unworkable slips of high viscosity which are very

sensitive to pH changes.

8. In micropyretic synthesis, the reaction mechanism is greatly
influenced with porosityn level of cast preform, submicron size
particle content and composition. The final synthesized product is
highly porous, however, it is comparable with the preforms
fabricated by compaction. However, the process is required to be
optimized for each particular system through rheological and

compaositional adjustments.

7. The compiex mechanisms of both slip casting and micropyretic
synthesis and lack of thermophysical and chemical properties are
likely to be a still challenging problem of a complete design
modeling for the process. However, comparison of the model results
with the experimentally determined values are noted to be in close
agreement for the selected pre-exponential factor, Ko, in the rainge
of 3.5x105 to 4.5x105 for the reaction 1 with 21.05 wi% submicron

concentration.
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9. ENGINEERING SIGNIFICANCE AND RECOMMENDATIONS

Casting techniques in micropyretic synthesis may have several
advantageous over traditional way of fabrication, powder pressing,
such as complex shape possibility, comparable particle packing

levels, simplicity and cost efficiency.

In the present study, micropyretic synthesis technology was
successfully applied to slip cast preforms for the first time.
Through the present study, valuable information was obtained
regarding this new process and }its processing parameters for the
Al203-SiC composite material. The processing diagrams from which
feasible processing parameters can be chosen for the objective
defined were developed. In relation with the processing diagrams,
simplified modeling consideration was also given. Based on the
information obtained from the present study, the new processing
method can be optimized for variety of application and materials for

practical purposes.

The present study could be exiented for the following future

approaches:

1. Pressure application during casting may be required to get
more dense product. The combustion aids such as Y203, SisN4 couid
be introduced to the reacting system to improve sinterability -and

densification.
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2. The purity and particle shape of graphite powders used in this
particular study could be critical. Other carbon sources to the
process are recommended to improve reactivity. Conversion
efficiency could also be increased by introducing the trigger
reactions which are exothermic enough.

3. The effect of mold material and its porosity level in the
process is also important.

4. Casting defects such as shrinkages and drying cracks are
required to be studied to obtain sound casts.

5. The potential versatility for synthesizing variety of materials

using the thermite reactions such as

Fe203 + 2Al ===> 2Fe + Al2O3
MoQO3 + 2Al ===> Mo + Al2O3
Cr203 + 2Al ===> 2Cr + Al203
3NIO + 2Al ===> 3Ni + Al20s3
3TiO2 + 4Al ===> 3Ti + 2AI203

and their application as a bulk and film using same technology is
possible. Besides Aluminum, several other reducing agents may also
be employed to the thermite reactions. The pure metals that have
been produced by the thermite reaction can be synthesize to form

intermetallic compounds such as silicites, carbides and borides.
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10. NOMENCLATURE AND SYMBOLS

152

Symbol Meaning Units
1/x Double layer thickness m
a Polarisability of the atom C m2/V
o . Stability parameter
Aj Interfacial area m?2
Co Heat capacity J/kg K
Cp(AB) Heat capacity of the solid product J/kg K
Diffusion coefficient m2/sec
d Separation distance between a pair
of atom m
E Activation energy J/imole
"Bs Steaming potential \Y
e Permittivity of the medium surrounding
| both charges F/m
F Force between two electric charges kg/m sec -
f Fraction reacted (0<f<1)
f(n) Function of the kinetic order (for n=1)
Fr Fractional resistance kg/m sec?
C] - Free energy J
v Distance between inner and outer
Helmhoitz planes m
g Gravitational constant m/sec?
Gatt Free energy of attraction between pair
of atoms ' J
Grep Free energy of repulsion J
H Hamaker's constant J
h Planck's constant J/sec
® Permeability m?2
K Thermal conductivity Jim sec K
k Boitzmann's constant J/IK
K{(r) Thermal conductivity of product J/m sec k
K{(u) Thermal conductivity of reactant J/im sec K



Meaning

Symbol Units
Ko Pre-exponential factor (for n=1) 1/sec
L Thickness of cast layer m
N Avagadro number 1/mole
n Reaction order
n Viscosity cps
P Suction pressure kg/m sec?
q Heat of reaction J/kg
ql Electric charges Cc
g2 Electric charges C
R Gas constant J/mole
p Density kg/m3
r Particle radius m
pn Density of product kg/m3
p(D) Density of reactant kg/m3
Pt Density of liquid kg/m3
Ps Density of solid kg/m3
S - Surface area m?2
o Surface tension J/m?
T Temperature K
t Time sec
Tad Adiabatic temperature K
Tc Combustion temperature K
Tig tgnition temperature K
v Propagation velocity m/sec
Vp Volume of particle or solid (=Vs) m3
® Void fraction
X Particle from its original position

_along a given axis m
W Characteristic frequency 1/sec
z Charge of dissolved ionic species C
L Zeta potential \Y
AHO7 - Enthalpy of formation of AB(s) J/kg
F/A Shear stress kg/m sec?
dv/dx Shear rate 1/sec
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12. APPENDICES

12.1. Appendix A
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Figure 12.1. Phase diagram for system AI203-Al [126]
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12.2. Appendix B
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Figure 12.6. Combustion temperatures as a function of time for samples (a) A10, (b)
A21, (c) A32 and (d) A43
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Figure 12.7. Combustion temperatures as a function of time for samples (a) AB1, (b)
AB2, (c) A33 and (d) A36
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