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Abstract

This thesis aims to describe thesign, implementation and use of a novel
instrumental setip which, by providingin situ ultra-rapid synthesis of
transition metal carbidesis capable ofinvestigating their reaction
mechanismghusdevelopng newprocedures to redu@nergy demanding
industrialproceses

Ultra-rapid synthesi®f titanium carbide, TiG the main binary system
studied- has been achieved through the development of a reproducible
experimental techniqgue an@n investigation into crucial reaction
variables microwave applicators andpplied power Specifically in the
case ofthe single mode cavitythis resultedin the compétion of the
majority of reactions withi60 s.

TiC formation started from its elemental precursors (titanium and
graphite). An attempt to produce TiC by using a domestic microwave oven
successfully lead to the synthesis of the product eftet5 minutes.

A further achievementwas made by exploiting the linear relationship
between the expansion of graphite (increasecoparameter) with
temperature, which allowed fan situ bulk temperature measurements
crystallographically. This method of m&rement apresents a more
reliable alterative to traditional techniques.€., pyrometery or use of
thermocouples).

The majority of this work was performed on the D20 beam line at the ILL

neutron source facility, in Grenoble. The choice of this beae) tiapable
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of collecting diffractograms at high speed rate was crucial for revealing
the reaction pathways of TiC M\@omoted synthesis, for the first time.
Raman spectroscopy and scanning electron microscopy techniques were
used in an effort to establishe presence of any amorphous phases in the
system.

The same methodology was applied in preliminary experiments to other
ternary transition metadarbon systems. In particular, tungsten (W) and
tantalum (Ta) compounds were investigated, starting fronh libe

elements and respective oxides, DA Ta,Os.
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Chapter 1

Introduction

1.1 Microwave Radiation

Microwave (MW) energy is a neionizing electromagnetic radiation with
frequencies between 0.3 and 300 GHz, with wavelengths ranging from 1
m to 1 mm. This broad frequency region includes three bands: the ultra
high frequency, UHF, (300 MHz 3 GHz); the aper high frequency,
SHF, (37 30 GHz) and the extremely high frequency, EHF, {3800

GHz)[1] (Fig 1.1).
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Figure 1.1. Location of the MW frequency band in tldectromagnetic spectrum and
band designation. It is generally betweein@0 GHz that MWs find their application in a
variety of areas, while for the MW processing of materials theur®l (between 2 4
GHz) is the most exploitéd

It has been proved that frequencies such as 6, 28, 35, and 94 GHz give
very uniform electric fields, allowing efficient MW/material coupling,

thus being preferred for MW processif®j 3]. However, the US Federal

! Picture adapted fronttp://www.moatel.com/board/fag.html#top
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Communication Cammission (FCC) allocated 915 MHz (896 MHz in the
UK [4]), 2.45, 5.85, and 20-21.2 GHz for Industrial, Scientific, Medical
and Instrumentation applications (ISMB-7], making other frequencies
unsuitable.

Moreover, despite the development in 2003 of a comgiaet5.8 GHz
magnetron by Kuwahaet al.[8], this frequency is not popular because of
high costs of devicefH], thus leading to 915 MHz arl45 GHz as the

two most used frequencies at laboratory sghl8, 10].

1.2 History of Microwave Processing.

The history of MW processing starts in 1921, when Albert Hull developed
the first magnetron. At that time, he was studying diodes and the motion
of electrons in uniform electric and magnetic fields. He devoted particular
attention to understanding the spéccase of a system combining a
uniform and static magnetic field with a radial (i.e. perpendicular to
magnetic field lines) electric fieldl1]. Electrons moving in such a system
and the associadleMW production are in fact the working principle of a
magnetron. Independently, other researchers worked to develop similar
devices. However, these first prototypes had relatively low efficiency and,
although this generated academic interest, they didgaiot commercial
succes$12]. It was only later, in 1940, that John Randall and Henry Boot,
at the University of Birmingham, succeeded in developing a more

powerful - and exploitablei magnetron, called a resonaravity

17



magnetron, in which an evaated multicavity was designed, capable of
generating MWs by exploiting the complex phenomenon of electron
behavior within a strong magnetic field (Fig 1.2). This device consists of a
heated cathode, a voltage biased anode, a magnetic field and an antenna:
electrons are emitted from the cathode and move along a spiral path,
induced by a magnetic field, to the anode. As the electrons spiral outward,
they form space charge groups, and the anode shape forms the equivalent
of a series of higi®Q resonant inducte-capacitive circuits. The MW
frequency generated in the anode is picked up by the antenna and is

transmitted into the MW cavitjl 3.

ANTENNA

____CATHODE
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Figure 1.2 Resonantavity magnetron In vacuum tubes, the anode is at a higher
potential than the cathode: this leads to a strong electric field and the cathode is heated to
remove the valence electrons. Once removed, electrons are accelerated toward the anode
by the electric field. An exteal magnet is used to generate a magnetic field orthogonal

to the electric one and the magnetic field creates a circumferential force in the electron as
it is accelerated to the anode. This force causes the electron to travel in a spiral direction,
creathg a swirling cloud of electrons. As electrons pass the resonant cavities, the cavities
set up oscillations in the electron cloud, and the frequency of the oscillation depends on
the size of the cavitfg].

In 1946, inerest in MWs was rekindled by the engineer Dr. Otto Spencer,
who was working on radars at the Raytheon Corporation. He was the first
person to investigate the possibility of cooking food with MWs. After

experimenting, he realized that MWs would cook foastér than
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conventional ovenRadarangewas then the first commercial MW oven,
built in 1954 by Raytheon: it was large, expensive, and had a power of
1600 watts. The first more affordable domestic MW oven was produced
only thirteen years later, in 1967 by Amana, a division of Raytheon, with a
working frequency of 2.45 GHz. At the end of the 60s, MW ovens started
to be supplied by Tappdid] and were weldistributed worldwide. At
present, te annual sale of home MW ovens in the USA, for example, is
$1.5 to $2.0 billior{1, 15].

Today, the use of MWs is common in several fields, for example:
communication and information; manufacturing; diagnostics and analysis;
medical treatment and weapdis, 17].

The possibility of ceramic processing via MW heating was first discussed
in 1954 byVon Hippeli nDiefectric Materials and Applications[18],
followed byexperimental studies in the 60s by Tiregaal [19], Levinson

[20], and Bennetet al[21].

However, it is only when choke systems (which prevent MW leakage)
were developed in 1962, that MWs started to be widely employed in both

research and industfg].

2 In DMO, the choke is an integral part of the door structure, going around the full extent of the
edge of the door. The entrance to the choke is covered by a piece of plastic, called the ‘choke
cover', which preves steam or food particles entering the choke and changing its characteristics.
The choke system works because energy entering through the choke cover will travel the length of
the choke and then is reflected back by the end surface. This reflected enetdybe half a
wavelength (180 degrees) out of phase with the incoming energy. This means that power
cancellation will occur. In the same way, inseagle mode system, a choke is a plate (usually
metallic) which will reflect back a radiation not absoribydhe load, thus avoiding MW leakage.
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| n t he eainlyldye todhe tas that many laboratories began to be
equipped with domestic MW ovens (DMS(®)], due to their affordable
prices, MW-assisted organic reactions started to be perforj2il
Reagents could be dissolved in a polar solvent with good MW absorbing
properties, thus providing a means for the necessary heat for the reaction.
The application of MWs in organic synthesis received a further impetus
following the publications of Gedyet al and Giguereet al.[23, 24], in
1986, in which it was reported how the usétWs increased the speed of
organic reactions by several orders of magnitude amthefr, that carrying

out organic reactions in the presence of a MW field would not
significantly alter the product composition but only the temperature at
which the reaction occurred.e., at higher temperature than conventional
methods.In the specificcase of comparison of esterification of benzoic
acid with different polar solvents under MW and classical condition (i.e.,
reflux), in fact, MW irradiation reduced the reaction time by between 1.3
and 96 times and temperatures were increased up to G9the case of
methanol (Fig 1.3)25] - see also Gedyet al[26]. More generally,
Baghurst and Mingos established that organic solvents in a MW cavity
superheat by +326 °C above their conventional boiling points at room
pressurg27].

Today the application of MWs in organic synthesis has become a very
large and active field of research. Just to cite few examples, MW
irradiation can successfully promote the rigigsure in azetidinones
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(which are important building blocks in the construction of antibiotics)
without using solvent$28] or the reactions of primary and secondary
amines with aldehydes and ketones can accelerate in presence of a MW
field, leading to a high yield synthe$®9]. Progresses have been reported

in many reviewg30-33].

Approximate
reaction
temperature Reaction Average” [ kimiseamave ]
Alcohol °C) time yield (%) K etassicat
Methanol 65 8 h (reflux) 74
134 5 min (M-wave) 76 96
1-Propanel 97 4 h (reflux) 78
135 6 min{(M-wave) 79 40
1-Butanol 117 1 h (reflux) 82
135 7.5 min (M-wave) 7 8
1-Pentanol 137 10 min (reflux) 83
137 7.5 min (M-wave) 79 1.3
1-Pentanol
at 630 watts 162 1.5 min (M-wave) 7 6.1

Figure 1.3 A table which shows good MW absorbers solvents (as from ref.: [RB})
irradiation can drastically reduce reaction times in organic reactions, by superheating the
solvents up to 18 69 °C. All these reactions were performed at 560With the
exception of the -pentanol case, at 630Wh a DMO[25].

MWs reappeared in ceramianddurnngtheessi ng
following decade- 1980 to 1990- a steadily growing interest in
researchers, from all over the world, was observed. A pivotal moment was

in 1975when while investigating MW drying of alumina castables, Sutton
observed that MWs were also heating the ceramic, in addition to removing
water[9]. Since thenand mainly from the 90s oi7], MWs have been

employed extensively in solid state chemistry and materials sciénce.

variety of materials such as carbides, nitrides, complex oxides (including
zeolites and apatites) and silicides- have been synthesizd@4-36].
Further,heatng and sintering otiranium oxide, barium titanites, ferrites,

aluminas, and glass ceramics were also investig&tegl7]. Interest was
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fuelled further by some publications which contradicted the misconception
between researchers that all metals reflect MWs, leading to large electric
field gradients within a MW cavity and causing plasma discharge, thus
being unsuitable for M\Aassisted synthesg38-41]. This isvalid only for
sintered or bulk metals at room temperature, but not for powdered metals
and/or at high temperaturpsl].

Several comprehensive reviews and papers give a broad picture of the
status of MW processing over the last three decades: Katz in[6R92
Schiffman in 199942], Clark and Sutton i1996[9], Rao in 199943]

and, more recently, Menendez in 2q24d], among others. All the authors
agree on the fact that the use of MWs can produce several advantages over
conventional methods: enhanced diffusion, hamcement of mass
transport, lower potential processing costs, improved mechanical
properties of the products, higher resulting density at lower temperatures,
extremely rapid processing times, high energy efficiency, ecologically
friendly processept5] - aspects described in more detail intgecl.2.
Conversely, the application of MWs in materials processing presents a
number of challenges as well, which have beeti summarized by Clark

and Suttor{9]. These include: the inability to heat poorly Maldsorbing
materials, the inefficient transfer of MW energy into the sample, the
control of accelerated heating, and the high starting costs for MW

equipment.
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1.3 Microwave Interactions with Dielectric Materials.

In the MW Sband range and, in particular, at 245G/ the dominant
mechanism for dielectric heating is dipolar loss, also known &s a
orientation loss mechanisnwhen a material is subject to a varying
electromagnetic field, heat is generated only if this material contains
permanent dipoles. The polaohacules in fact try to follow the polarity of
the MWs at a fast rate and when they are not able to follow the rapid
reversals in the field, a phase lag takes place, which leads the power to be
dissipated in the material and heat to be genefai&q.
This phenomenon makes MWssisted processing essentially different
from conventional thermal processifg6]: in the latter, energy is
transferred to the material through convection, conduction and radiation of
heat from the surfaces of the material inward, while MW energy is
delivered direcyl to materials through molecular interaction with the
electromagnetic fiell5].
This gives many differences and advantages when using MWs for
processing materials, with respect to conventional heating mechanisms:

- An inverse temperature gradient is obsenj@&d, 41]. In
conventional processing, the sameheated from the surface inwards,
while in MWs, the direction of heating is from inside to outside, thus

resulting in higher temperature of the sample core than the surface.
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Figure 1.4The inverse temperature profile in MW heating.

- Rapid/volumetric heating. MWs directly penetrate materials
interacting with particulates within the sample, rather than being
conducted into the bulk from an external heat source. This provides rapid
volumetric heating which enables the process of batbel and small
samples very rapidly and uniformi¥7].

- Enhanced densification and quality of prody&s47, 48]. The
densification rate strongly depends on the diffusion of ions between
sample patrticles, and the grain growth rate is magsttermined by the
grain boundary diffusion. Dube and coworkers, have found that the intense
MW field concentrates around samples during MW sinterjag).
Espeially, the power of MW field between sample particles is almost 30
times larger than the external field, giving rise to ionization at the surface
of sample particles. As a result, the diffusion of ions between sample
particles is accelerated and the dkeosiion stage is promotegbQ).
Moreover, surrounding electromagnetic field can intensely couple with

ions at grain boundaries. Under drive of MW field, the kinetic energy of
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ions at grain boundaries increases, which results in decreasing activation
eneggy for a forward jump of ions and increasing the barrier height for a
reverse jump. So the forward diffusion of intergrain ions is promoted and
thus accelerates the grain growth during sintering.

- Selective heating of materials and new materials produfsibn

52].

- MWs selectivelycouple in diffeent ways with materials showing
differentdielectric properties; therefore, in multiple phase materials, some
phases may couple more readily with MWs, leading to new or unique
microstructures.

- High control of chemical reactionf52]. Reactions can be
"switched on and off" by simply switching on and off the power supply.

- Economically viable and ecology friendl$1]. The deposition of
energy directly in the bulk of the material eliminates wasting energy due
to the simultaneous heating of furnaces and reactor walls. With MWs, it is
the sample itself that heats up and in turn acts as the source of heat, thus
lowering te effective thermal mass and reducing the required power
input. Hence, MW methods can drastically reduce the energy consumption
which is experienced in high temperature processes, where heat losses
increase with increasing process temperature, thus pegngnergy

efficient reaction$41].
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The diekctric properties of a sampietogether with its shape and size

are the main features determining the way in which a material will be
heated with MWs. They are expressed in terms of the dielectric constant (
£") T which is the measuref the response to the applied external electric
field (E) and in particular, it is the measure of the polarizability of a
material in an E and it determines whether or not a material will heated by
MWs [53]- and the dielectric loss factoe'() - which quantifies the ability

of the material to convert the absorbed MW power into figdthese two
components are expressed in terms of the complex dielectric permittivity
(&*):

e =¢g'-ig" (=g, —ig ) Eqll

(where £°is the permittivity in free spaceg,. the relative dielectric

constant,e,. the effective relative dielectric loss factor, an¢1)"2)

The dielectric response is also expressed in terms of the energy dissipation
factor, or loss tangentan o, which is a measure tfie absorption of MWs

by the material:
tand = % : Eql.2
A tano around 0.01 indicates a low absorption material, @ tdn0.1 a

medium absorption material, while a taaround 1 indicates a high
absorber of MWs.
The knowledge of the complex dielectric constant is relevant for

specification of optimal MW heating strategies and optimalpedesign:
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it determines the best working frequency, the shape of the applicator
(wherethe interaction material/MWs occuralso referred to as cavity or
reactor), and the best position of the sample in the applicator. However, it
is a complex function of temperature, moisture content, density and
electric field direction, which make its determination not an easyitask

is also demonstrated by the presence of over thirty methods for measuring
it [53).

The problem of processing materialsiieh are poor absorbents of MWs
can be overcome by the-soa |l | e d Ahybrid heatingbo.
commonly performed to sinter a material with low dielectric loss at low
temperature and high dielectric loss at high temperature. MWs are
absorbed by the cgmonent that shows the highest dielectric loss in the
mixture and passed through the Hogs material with little drop in energy

[41, 54]. This can be performed by using a material, called susceptor, with
high loss at low @mperature, which will absorb MWs and reaches fast
high temperatures. Then, the susceptor will transfer heat to the sample via
conventional heating mechanism and the sample with high dielectric loss
at high temperature will be now able to absorb MWs a(&igure 1.4). In

this thesis, an example of hybrid heating is presented in Chapter 4, given
by a mixture of titanium (Ti) "low-lossy' material, with ta@ below 0.01

T and carbon graphite (Q) good MW absorber, tahof ca. 0.350.83

[44]. Ti has been successfully heated up by means of MW in the presence

of C, thus allowing fast formation of TiC.
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1.3.1 The Microwave Effect

The term Amicrowave effecto refers

observed in reactions promoted by MWs, and itggally quantified by
the difference between the temperatures of the two treatments leading to
the same microstructure:

AT =T, — Tuw Eq.1.3

whereTcon, Stands for conventional heating ahgly for heating by means

of MWs.

Examples of the enhanced speed of reactions promoted by MWs include,
among many other$52], sintering of ceramicd5557], MW-driven
radioactive tracer ion diffusiofB8], MW-driven ionexchange reactions in
glasseq58], MW joining of ceramicd59], MW decomposition of solid
solutions [57], synthesis of metalarbide powderd60], promotion of
organic imidazation reactiofi6l].

The fAmicrowave effecto is stildl a
different theories have been proposed to solve it: lowered activation
energieg 3], enhanced diffusion caused byreased vibrational frequency

of ions due to the electric field component of the MW radiafi®|,
excitation of a nosthermal phonon distribution in the polycrystalline
lattice, quassbtatic polarization of the lattice near point defects, and the
ponderomotive action of the highequency electric field on charged

vacancies in the ionic crystal lattip&7, 48, 52].
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The first complication in revealing thissometimes huge difference in
reaction behaviour can be addressed mainly to temperature measurements
experienced in MW procesg). When the temperature is obtained by
means of a thermocouple, for example, only the zone close to the tip of the
thermocouple is considered (which means no bulk temperature
measurement). Further, the thermocouple needs to be shielded because it
can inteact with the MW field, giving systematic errors. Another method

of temperature measurement makes use of optical pyrometery; however,
where the surface:volume ratio is small, optical methods do not give a
reliable measure of internal temperat[#€], but only surface temperature

[37, 48], which in the case of MW heating the coolest part of the sample
(while in conventional heating is the hottest), thus making the
measurement problematic and affected by d#48y.

Over time, these difficulties have misled the knowledge of theA®aln

1990, Jannewgt al.reported aAT=300-400°C in the processing of oxides,

in both 2.45 and 28 GHz MW furnacg8]. Today, a more precise
determination of the temperature can be obtained. For example, Link and
coworkers applied Raman spectroscopy as a means of temperature
measureent of single phases in a meyfhase materidl63], from which

values of AT well below those reported in the literature earlier ones

t ypi c @iClingtead &> Z0°C were obtained.
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In the light of these findings, it is crucial to understand if ttteerences
between MWi nduced and traditional sintering
consequence of thaT (i.e., given by a pure thermal effect) other

phenomena have to be considered.

At present, two views regarding the increased reaction rates predominate

[64]:

a) Increased reaction rates are given by differences in temperature between

the two heating methods (MW and conventional), therefore they are

governed byhermal effects

b) MWs enhance reaction speed becausempthermal effects

Many MWe-induced reactios in liquid phases exhibiting enhanced

reaction rates have been exhaustively explained by means of localized
superheating effeci7, 47, 65|, al so knowim6garssuch hot spot
cases, reaction rates are determined by thermal effects.

For solid state case, in 1994, Rybakov and Symef®8, and

independently other authors after thé#8, 52, 67], proposed a possible

mechanism of the nethermal influence of the high frequency (HF)

3 As described in more details in Chapter 2, section 2.3.4, Raman spectrosEpypn
inelastic scattering of monochromatic light. In case that part of the photon energy is
transmitted to the material this is leal Stokes scattering. The resulting photon of lower
energy generates a Stokes line on the red side of the incident light. On the other hand if
energy from the tested material is transmitted to the photon this is callecbtakés
scattering. As a conseguce, these shifts in photon energy contain information abeut
energy states in the system comparable to information resulting from infrared
spectroscopy. Thus Raman spectra reveal information about the phase composition of the
material. Furthermoresince in general the shift of observed spectral lines is temperature
dependent, this information can be used to get phase specific temperature information ou
of a measured Raman spectrum [63].
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electromagnetic field (typically2.45GHz). They considered that the effect
of MWs is not to increase transport coefficienwhich would have lead to

a multiplicative increase in the transport flux in the presence of a pre
existing conventional driving forcé but rather introduce aadditional
driving force, which should manifested as an additive increase in the
transport flux. They also found that when considering lattice defects, the
vacancy mobility was not affected. An enhancement in densification when
using MWs was consistent with dependence on the electric field
experienced by the material. This suggested that the MW field was
inducing an additional (electric) driving force.

Whittaker experimentally investigated the effect of theection of the
electric field upon the rate obm transpori rather than on the strength of
the electric fieldi by studying the change in the mass transport as a
function of the angle to the MW electric field. He found that MWs may
directly influence ion transport in a high temperature sinteringgsAn
effect of this intense field is to concentrate the lattice defects and enhance
ion mobility at the interface. This mechanism may therefore enhance the

rate of mass transport atgiven temperaturezhen a MW field is present

[47].
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1.4 MW-Induced Synthesis of Ceramics: Binary and
Ternary Carbides.

Microwave technology has been increasingly used for producing ceramic
materials in recent years. One of the most important reasons is the
potential of reduction in the manufacturing cost due to short synthesis time
and energaefficiency [15, 68]. Standishet al. concludedi based on
rational assumptions for capital and operating cosiit a MW reduction

process could save 15% to 50% over a conventional opef&fpn

1.4.1 Titanium Carbide

Titanium carbide (TiC) is an important nonoxickramic material used for
mechanical, chemical and electronic applications, as it possesses a number
of desirable properties, such as high melting temperature (Z26bigh
hardness (Knoopbébs hardness = 32.4 GPa)
(3x1C¢ Slcm) [70-72], high thermal conductivity (16.7 W m¥, high
chemical stability, high wear resistance and high solvency for other
carbideg[73] (and ref therein). Therefore, it cée used in cutting tools,
grinding wheels, wear resistant coatings, Higimperature heat
exchangers, magnetic recording heads, turbine seals/4ptdt is widely

used as a substitute for tungsten carbide (WC), ammmmachining
material, thus reducing manufacturing costs. In fact, currently 10% of the

worl doés consumed cobal't S empl oyed a ¢
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composites, while equivalent TiC materials use nickel as a binder, which
costs only half as mudir5).

TiC and titanium carbonitride are also utilized in production gOAITIC

and ZrQ-Ti(C,N) composites[74]. In addition, a promising field of
application comprises plasma arfthme spraying processes in air
atmosphere, where again Tifased powders show higher phase stability
than WCbased powders6).

There are a number of different methods for synthesizing TiC, sutie as
reaction of liquid magnesium and vaporized T#G,Cly(x=1, 2) solution

[77], combinedsolgel and microwave carbothermal reduction methods
[78], gas phase reaction of TiQlith gaseous hydrocarbong7] and,
synthesis by thermal plasma techniqug®]. TiC is traditionally
produced, however, by carbothermal reduction of titanium dioxide;(TiO
in a tempeature range between 170@100°C for 107 20 h[73, 79].

TiO, has generally been used as a raw material because of its low costs
and ease of handling. Further, i abundantly available in nature. It
can be derived in fact from ilmenite (FeTE)Qvhich represents the main
matrix of sand found on beaches. limeratntains TiQ in the range of
40-60% along with iron oxidé depending on the sour¢80Q]. Globally,
nearly all TiQ is produced from ilmenite as it naturally occurs in
accessible high concentrations and in a form which allows the preparation

of synthetic rutild81].
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However, in the production of TiC via the conventional carbothermal
reduction of TiQ/carbon, high temperatures and long reaction tiimasd
consequently high synthesis costsare required. Moreover, there are
significant challenges$o forming oxygerree TiC[60, 78, 79].

A number of attempts have been made to produce TiC in a more energy
efficient way andthe first successful effort in the synthesis of TiC via
carbothermal reduction assisted by MWs (MICROwave Controlled
COMbustion Synthesis, MICROCOM) was made by Ahmad and
coworkers in 1991. They ignite the starting powders, Ti and C graphite, in
a high pover industrial multimode microwave oven (Raytheon 6.4kW
maximum, 2.45GHz) at 2.4kW and collected the product, TiC, after
several minuteg32].

In 1995, Hassine and amorkers attempted the synthesis of TiC and
tantalum carbide (TaC), starting from the oxides gli@hd TaOs,
respectively), via carbothermal reduction induced by MW poWespite

both oxide precursors being relatively poor absorbers of MWs (with low
loss tangenttan ¢), the TiQ/C and TaOs/C mixtures showed good
coupling abilities to MW energy, thanks to the high dielectric loss of the
carbon black reactant. However, while they succeeded in the formation of
TaC i which formed a pure phase without evidence of any intermediate
phases duringhe reaction- they encountered problems in synthesizing
TiC. The reaction exclusively yielded a titanium oxycarbide phase,

Ti(O0.2Co.8). They ascribed this to the experimental conditions: a relatively
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low reaction temperature was reached (1550 °C instead(® °C) and a
flux of argon was employed (which could contain oxygen as impurity)
[60Q].
More recently, Winkleret al performed an in situ observation of TiC
formation via conventional heating, by using a high temperature furnace,
starting from Ti (powder, average grain size #3) instead of TiQas a
starting material in combination with C (graphite powder, average grain
size <16um), working in vacuumThey observed TiC formation after four
4 hours at a temperature of 10733], with no formation of intermediate
phases:

Ti+ CA TiC (-139£6 kJ/mol) =lo7}
This reaction represents the first success in the production of TiC starting
from Ti and Cvia conventional means at shorter times and at lower
temperatures than previously observed. They employed powder neutron
diffraction (PND) to follow this reactiom situ. This study represents a
good starting point for the comparison of the MW synthesis of TiC

followed by in situ PND, as performed in this thesis.

1.4.20ther ternary compounds
Additional, TiC-basedternary chemicakystems have been testedthis
thesis by using the same methodologiready optimisedfor the

preparation ofliC.
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TiC-based transition metal systems are classifiedesmets materias
composed oteramic(cer) andmetallic (me) parts, specifically designed

to have the optimal properties of both elements, namely high temperature
resistance and hardness of ceramic and the ability to ungdagtc
deformation typical of metals. It is known, in fact, that the incorporation

of a second phasetm a ceramic matrix result in improvement in the
mechanical properties of the compositaterial;e.g.,when TiC particles
(grain size of 11 . 5 ageradded té\l,O3, the carbide limits the ADs

grain growth in the matrix during sintering agives a higher strength,
higher hardness material, which is resistant to crack propagation [3].
Al,O31 TIiC composite has been widely used in industry as cutting tools
and wear resistance coating due to its high hardness, chemical stability,
good strength and tghness at elevated temperature, and excellent wear
resistanc¢74).

Also metals such as Ni, Co, and Fe have been incorporated as a ductile
second phase to improvenonolithic TiC toughness at ambient
temperaturesLiquid phase sintering, andelt infiltration are the two
common productionechniques used in the processing of these materials.
Nickel is the most commonly used metalbinder phase in TiC based

composites, which isnainly due to the low wetting angle30° wnder

* The wetting (or contact) angle is an angle conventionallgsmed through the liquid, where a
liquid/vapor interface meets a solid interface. It quantifies the wettability of a solid surface by a
liquid via the Young equation. A given system of solid, liquid and vapor at a given temperature and
pressure has a unig wetting angle. However, contact angle hysteresis is observed, ranging from
the maximal and minimal angle. Threguilibrium contact is within these values: it reflects the
relative strength of the liquid, solid and vapor molecular interaction.
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vacuum (10 torr) at 1450° 84], that liquid Niforms with solid TiC.
Addition of molybdenum to nickel reduces the wetting angld WiC to

zero [84], and this leads to TiBased composites with very good
mechanical properties. In the 1950s considerable effort hewl devoted

to the development of TiBased composites for high temperature critical
applications such as turbine blades. The major binder metallic alloys being
investigated were: NWo, Ni-Mo-Al, Ni-Cr, and NiCo-Cr. These
systems, however, were not able® tmeet the high temperature
requirements, such as high strength, oxidation resistance and ductility, and
TiC-based composites found use in less critical applications such as
cutting tools and metal working toolg75]. In the 1980s, ordered
intermetallic compounds, especially nickel aluminidesANi NiAl),
titanium aluminides (BAl, TiAl, TiAl 3), and iron aluminides (BeAl,

FeAl), have been considered as potential high temperature materials. This
is mainly due totie properties that these intermetallics possess, such as
increase in strength with temperature, relatively low density, and good
oxidation resistance. The research efforts on aluminides were successful,
and in the 1990s two of these aluminides,;ANiand TiAl, are
commercialized as high temperature materials for critical components
[85]. Recently, intermetallic aluminides have also been utilized as binder
phase in the preparation of Fléased composite86-89]. Hot pressing

and presureless melt infiltration techniques were utilized for the
processingof TiC-NizAl [86] and TiGFeAl [87-89] composites with
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promising mechanical properties comparable to that of commercially
available TiGNi and WGCo cermets[87-89]. Of these intermetallic
composites, TiENizAl composites might be used for high temperature
(~1100°C) applications, and TiEeAl composites can be used under more
severe corrosion conditiorf87-89]. Intermetallic aluminides have also
been used as binder @eain the processing of other carbides, oxides, and
borides, such as W®IizAl and ALOs-NisAl [86], AlxOs-
(Ti,Fe,Nb,Mo,Zr,Ni) aluminides of different stoichiomet®0], WC-
FeAl, TiB,-FeAl and ZrB-FeAl [9]], Al,Os-NbAl; [92] and ALOs-FeAl

[93]. Hot pressing and pressureless infiltration techniques have been used
in the processing of TiBlisAl and TiG-FeAl composites. An alternative
processing technique for the production of -hi&ed intermetallic
composites is the reactive sintering technigs.

In past few yearslsoNi, Fe, Al, Cu, Mo, Wi among other metalswere
incorporated into reactant mixtures of Ti and C to study their effects on
the formation of TiCmetal composites. Conventional synthesis routes for
these compounds includeself propagation high temperatusynthesis
(SHS) and combustion synthesis (C$4-99]. However, carbide
preparation in these conventional routeguire a huge insimentation
regarding melting the metal argtaphite under vacuum at a very high
temperature. Mechanical alloying of powder ingredients at room

temperaturecan easily produce nanocrystalline metal carbides, thus
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representing one of the alternative, eelective way of producing these
compounds.

In this thesistantalum (Ta) and tungsten (W)and their related oxides,
TaOs and WQ respectively- were mixed with Ti and graphite, in
different stoichiometric ratios.

To the knowledge of the author, cermieisned by TaTiC system are not
reported in literature, except for an extensive study of Ta&iChigh
temperature (from 1500°C upward4pQ.

The synthesis of these compounds by means of MWbédw®s performed,
for the first time, during thithesis and preliminary selts are presented in

Chapter 4

1.5 Role ofin situ Neutron Powder Diffraction in MW
Processing of Carbides and Aim of the Thesis.

At present, the characterization of products obtained by means of MW

heating is performedx sity but in order to reach a full understanding of

the interaction of a MW field with solids and to measure and interpret bulk

temperaturein situanalysis is esential.
Hence, althoughex situ analysis allows the characterization of the

materials which is obviously important, it provides very little information

regarding the process of the reaction or why and how the reaction occurs.

The principal aim of this #sis has been the design of a single mode MW

reactor capable of inducing the fast synthesis of binary and ternary
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carbides andn situ powder neutron diffraction (PND) observation, in
order to reveal the mechanism of formation of the compounds in study and
the sample/MW interaction.

In situ PND has been chosen as ideal prober electrons and -Xays
methods, because transient intermedighases$ i.e. in the case of TiC
synthesis, B0z, TisOs, TisO7, and Ti(Q, C)) in different O:C ratios

were intended to be observadd neutrons discern C and O better than the
other techniques. This provides more insight in probing the reaction

medianism for the formation of the expected final products.
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Chapter 2
Experimental Theory and Methods

2.1 Microwave Radiation and Instrumentation.

A material can interact with radiation of wavelengths from meter to
millimeter (microwaves, MWS) if eithgsermanent or induced dipoles are
present. Such a material is referred to as dieledtria.dielectri¢ dipoles

will generally be in random orientatioifsno electric field(E) is applied,
while an applied fielde 7 for example, if the dielectric is plad between
two charged plates will polarize the material by orienting theipole
momentsof polar moleculesThis reorientation of dipoles decreases the
effective electric field E.s) between the plates, while increasing the
capacitanceof the plate sticture. The dielectric constanf) is the factor

by which theEessis decreased by the polarization of the dielectric

E,=E-E o Eqg.2.1

polarizam')n: '
£ &,

Here, o is thecharge per unit area anrglis the permittivity of free space

(8.854x10% F m™).

® In the cae of two parallel charged plates, capacitance is equal to the ratio between the
magnitude of charge stored on each pl@dCoulomb] and the voltage applied to the
plates V [Volt]. Therefore C[FaradEQ/V.
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The reorientation of dipoles in an applied alternating fieid significant
in the case of MWs and when the dipolar reorientation is unable to
respond to the frequency of the alternating fieldf the MWs a phase lag
happens which gives rise to a polarization current in phase with the

applied field[1]. As consequence, heating in the material is observed.

a) Unpolarized
electrodes

++ 4+ ¥+ + + + + 4+ +F ¥ F ¥ + + F FF

b) Polarization of
electrodes when a
dielectric is
present and
an external
electric field
is applied

Figure 2.1. a) Schematic ofwo chargedplates électrodeswithout applying an external
electric field.b) The polariation of thedielectricproduces an electric field opposing the
field of the charges of the platéghe dielectricacts as a capacitor, allowing charge to be
stored As consequece,no conductivity is observed between the two pl§#s(Picture
adaptedrom: http://hyperphysics.phgstr.gsu.edu/hbase/electric/dielec.html

Dielectric heating is the process according to which dielectrics absorb
MW energy[2]. In general, depending on the nature of materials, four

mechanisms of dielectric heating can occur:
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1) Dipolar polarization It is caused by the molecular friction given by the
reorientation of the dipole momentstbe material under the influence of
a MW field. This happens for liquids. Water represents an example, as

shown in Fig. 2.2.

N
A :C\ VoV VY
'N 7V .y ¥V i

(@ (b) (©) (d)

Figure 2.2 (a) HLO molecules showing a permanent dipgl®. Permanent dipoles are
usually represented by an arroge) In thermal equilibrium, gholes are randomly
arranged The dipole moments frondifferent molecules cancel out and the net
polarization is zero(d) Whenapplyingan external electric fie|dlipoles rotate in order to
align with thefield E and with each other: the net polarization is therefore-perm
(Picture adapted from:
http://www.doitpoms.ac.uk/tlplib/dielectrics/polarisation_mechanism3.php

2) lonic polarization Permanent dipoles also exist in ionic structures such
as crystalsandionic polarizationis a mechanism very similar thpolar

polarizationdescribed above for molecules in liquid®hen nofield is

applied {E|:O), internal dipoles in an ionic solidxactly cancel each

other and are unable to rotate. Tapplied external fieldinduces net
dipoles by slightly displacing theons from theirthermal equilibrium

position(Fig.2.3)
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@909 9,99
@99 9,0,0
299 @901

Figure 2.3 Very similar to dipolar polarization, ionic polarization occurs in crystals under
external field E. (Picture adapted from:
http://www.doitpoms.ac.uk/tlplib/dielectrics/polarisation_mechanism3.php

3) Electronic (or atomic) polarization It happens because a fieddwill
always displace the center of charge of the electrons with respect to the
nucleus, inducing a dipole moment (Fig. 2.4). This polarization usually
takes place in the case of atoms with a spherical symmetry, like noble

gass, in all aggregate forms.

charge -¢
’

,/ centred here
7

nucleus has
,/ charge +¢
,

polarisation

J:

Figure 24 In the case of noble gases, dielectric heating occurs when its electron cloud
has been shifted by the influence of an external charge, and it is not centered on the
nucleus. (Picture taken from:
http://www.datpoms.ac.uk/tlplib/dielectrics/polarisation_mechanisms.php).

4) Interphase polarization mechanisffihis occurs especially in metals
showing surfaces, grain boundaries, interphase boundaries containing
dipoles, which are charged by the external figldnd contribute to the

overall polarization of the materigP]. This effect often also happens
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between particles ofiffierent phases which may have different electronic

properties.

The dielectric interaction of materials with MWs is expressed principally
by two parameters, the power densiB,[W/m® - Eq. 2.2- and the

penetration depth of MW§) [m] - Eq. 2.6:
P =olE|" = 24fs,¢|E|" = 27,5 tans|E[’ Eq. 2.2

In Eq. 2.2,E andf are the electric field intensity (V ™ and ts frequency
(Hz), respectivelyyis the permittivity of free spadqsee also Eq. 2.1)%;"

is the dielectric lossandtan dis the loss factor, equal to:
_ gll
tans = 4 Eq. 2.3

The dielectric constantd - or relative permittivity- is the ratio of the
permittivity of a substance to that of free space. It is a measure of the
response othe material to the external field. The dielectric lossg",
guantifies the ability of the material to convert the absorbed MW power
into heat. These two components are commonly expressed in terms of the
complex dielectric permittivitys* [F/m]:
g*=g'—ig" Eq. 2.4

When the absorbed MW power in the material is converted into heat, it
leads to a temperature increase, according to Eq. 2.5:

AT 2Ass |Ef

A
whereC (J/kg-K) is the specific heat of the material. The increasén

Eq.2.5

temperature is dependent on the denpitf the sample: as the density
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increases (and the corresponding thermal conductivity increases) the
heating rate decreasg}.

The penetration dept), determines the depth at which the incident
power is reduced by one half exhibiting the uniformity of heating

throughout the material:

D= ie Eq. 2.6

27"

Materials with higher loss factot) "(imaginary part of the complex
permittivity) show faster microwave energy absorption. The power density
will decrease exponentially from the surface to the core retfloreover,

high frequencies and large values of the dielectric properties will result in
a surface heating, while low frequencies and small values of dielectric
properties will result in more volumetric heatirjd, 5]. D is a very
important paameter, because it gives an upper limit to the thickness of the
material that can be heated directly with MWs.

Materials are classified into three groups with respect to their interaction
with MWs (Fig. 2.5):

a) MW transmittersi(e. quartz, zirconia, everal glasses and ceramics
with no transition metal s, Tefl on, et c é
These are used as sample holders or containers for MW reactions;

b) MW reflectors, such as bulk metals and alloys.,(brass). They are

normally used for &veguides;
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c) MW absorbersi . silicone, urethane, natural rubber) which are able to
take up the energy from the MW field and get heated up very rapidly, thus

playing an important role in MW reactiof#.

Output Input
Microwave Microwave

Microwave

Figure 25 Materials are grouped into three categories (from left to righijVv
transmittersMW reflectors and MW absorbers.

Summarizing,the polarization of dielectricand consequent MW
heding arises from the finite displacement of chargesherrotation of
dipoles ina field E. It is a different mechanism than that occurring in
conventional ovenswhich results from translational motion of charges. In
the conventional heating mechanism, heatsi transferred through
condudion, radiation and convection. The surface of the matsria¢ated
first, followed by the heat moving inward]. In the MW case, a heat

propagation from inside to outside is observed (Fig. 2.6).
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waw:ﬁ'ont

a)Conventional heating b) Microwave Heating

Figure 2.6 Difference between conventional and MW heatihgvavefrontis the surface
of points of the radio wave having the same phase

2.1.1 Microwave Instrumentation for Single Mode Cavity (SMC) and

Multi Mode Cavity (MMC) reactors .

MW sourcesTo achieve the high power and frequencies required for MW
heating, most of MW sources are vacuum tubsschas magnion tubes

and travelling wave tubes (TWTs). Magnetrons are used in domestic
microwave ovens (DMOSs) and in industrsdale MW devices. Ty use
resonant structure to generate the electromagnetic field, therefore they are
able of generating only fixed frequencyelectromagnetic fields.
Magnetrons are made of thersimmic diodes with heated cathodes, acting
as source of electronfg]. In vacuum tubes, the circular anode is
concentric and surrounds the cathode (Fif{e&). The anode is at a high
potential comparedo the cathode (potential difference betweemr tivo
electrodes 2-20 kV) thus producing a strong electromagnetic field.
Electromagnetic radiatiors generated from the acceleration tdoérons

theseare emitted by the cathode and accelerated radially tevihed
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anode by the electric field. An extel magnet is used, at the top and the
bottom, to create a magnetic field orthogonal to the electric field, so that
the electrons move circularlyrather tha directly- to the anode, creating

a swirling cloud of electrons

Coupling Probe Waveguide

g(‘:athode

8 .‘/  Gathode
o]

Resonant Cavities

| Output Antenna

End shield
— Gasket
Yoke
Magnet /
A
Pole Piece
Strap Ring
Radiator — {
|__Vane
N (Anode)
1 Pilament
—*—w = -
. i \\\"‘j {Cathode)
Filtar Box
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Figure 2.7 a) Schematic diagm of the magnetron tubip view(left); side view(right),
as in referencg7]. b) Scheme of a DMO magnetron, agéferencd8].
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As theelectrors pass the resonant cavities on the anode, the cavitiap set
oscillations in the electroclouds and frequency of the oscillation depends
on the size of the cavit(Fig. 2.8) The electromagnetic did is then

extractedby an antennand channeled to the cavity through a coaxial

cable or avaveguide (see following secti@m fiaveguides ) .

a) b)
Figure 28 a) A DMO magnetron section Picture taken rbm
http://www.microwaves101.¢co/encyclopedia/magnetron.cfm).) kA Sairen® 2 kW
magnetrorsection (this magnetron has been used in the thesis: the ceramic protection of
the antena has been broken by an arc, which occurred during experiments).

The output power of the magnetron can be controlled either by adjusting

the period of operation or adjusting the cathode current or magnetic field

strength. In DMOs, the magnetron operates at full power and the average

output power is controlled by cyclirthe current on and off for segments

of time. This on/off mechanism is refer
In industrial MWs generators, aontinuous, variable power is provided so

that the output average power can be varied by changing the current

amplitude of the cathode or by varying the intensity of the magnetic field.

These magnetrons calisplayboththe generatedorward power(FP) and

the amount of MW energy reflat by the system components (or
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sample) back to thenagnetron, theeflected power(RP). They havea
circulator, which isa threeport ferrite device allowing transmission of
energy in one directioonly (from magnetron to applicajorin a three

port circdator, one port is connected to the MW source, another to the
applicator and a thd port goes to a dummy load, which deflects &
energy intoa water load, thus preventing the RPbimunce bachnto the
magnetror(see, for example, Fig. 2.13)

High-power Travelling Wave Tubes (TWTs) are used as MW
source for variable frequency M\W8/hile in magnetrons the tube is used
both to create the frequency of oscillation and to amplify the signal, TWT
is used as amplifier only. A voltag®ntrolled oscillator generates the
MW signal and then the signal is sent to the TWT for amplificatiog. (F

2.9).

Input From Oscillator Output to Applicator

Focusing Magnet

Cathode

E A Collector
Anode Electron Beam

Figure 29 TWT, asin referencd7], consisting of two main components: an electron gun

and a helical transmission line. Because there are no resonant structures, TWT can
amplify a large variation of frequencies (bandwidth) within the same tube. The heated
cathode emits a stream of electrons that is accelerated toward the anode, and the electron
stream is focused by an external magnetic field. The purpose of the heliglisvtthe

phase velocity of the MW (the velocity in the axial direction of the helix) to a velocity
approximately equal to the velocity of the electron beam. For amplification of the signal

to occur, the velocity of the electron beam should be just féetarthe phase velocity of

the helix. In this case, more electrons are being decelerated than accelerated, and the
signal is amplified because energy is being transferred from the electron beam to the MW
field.
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Transmission lines. Once generated by thenagnetrons, MWs are
transported to the cavity, through transmission lines. While in low power
devices (such as a DMO) transmission lines arextal cables, at higher
frequencies and higher power transmission sections are often waveguides,
in order to redce losses that would occur if using coaxial cables.
Waveguides are hollow tubes, in which the electromagnetic waves
propagate. The choice of materials is a compromise between high
conductivity to minimize losses, corrosion resistance, and ease of
manufactire. Aluminum is widely used for waveguides transmitting high
power, and is selected for its high electrical and thermal conductivity.

In waveguides, two mod®ef MW propagation exisiFig. 2.10(a))

- Transverse electric (TE): the electric intensity time direction of
propagation is null§=0). A TE mode has been used in this work.

- Transverse magnetic (TM}he magnetic intensity in the propagation
direction is null H=0).

A transverse electromagnetic mode (TEM) also exists, where neither the
electic nor the magnetic fieldis in the same directiorof signal
propagation (Fig. 2.10f), but the boundary conditions that apply to
waveguides will not allow a TEM wave to propagate. However, the wave
in the waveguide will propagate through airaorinert gas dielectric in a

manner snilar to free space propagatiorhe phenomenois bounded by

® A field pattern within a MW applicator is known as a mode.
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the walls of the waveguide and that implikatcertan conditions must be
met. The boundary conditions for waveguides are:
1. The electric field must be orthogortal the conductor in order to
exist d the surface of that conductor;

2. The magnetic field must not be orthogonal to the surface of the

waveguide.
Magnetic .
field Magnetic
field
Py 4 =
vl = Electric
2 H field
/ 7
[ ,’Vl
- Wave
~}# Electric propagation
TEmode  field TM mode

@)

Magnetic field

A A A AA A A AN
R

Lubg
B
B

AL A A AL AL AL ALIAL A A AL IALA
vV

v oy VoV VY vy
Magnetic field
(b)

Figure 2.10a) TE (transverse electrideft) and TM (transverse magneticight) mode.
(Picture fom: http://www.allaboutcircuits.com/vol_2/chpt_14/8.hjmb) TEM mode
waveguide: both field planes (electrical and magnetic) are perpendicular (transverse) to
the direction of signal propagation.

Subscripts(m and n) are used to complete the description of tieéd

patternfor both TE,, and TM,, modes In rectangular waveguides, the

59



first subscript indicates the number of halive patterns irthe "a"
dimension, and the second subscriptdicates the number of halfave
patterns in the "bdimension(Fig.2.1%left). For rectangular waveguides,
the coordinate system is usually oriented suchaa® b (a common
dimension is86x43mm (inner dimensions), asor the WR346type
waveguide described in this thesis.n Ainternational standard of
waveguides lists the most common optimum waveguide type for specific
frequencied9]. A similar system is used to identifigd modes of ccular
waveguidegFig. 2.1kright); however,in this casethe subscripthave a
different meaning. The first subscript indicates the number ofnfalle
patterns around theircumference of the waveguide, atide second
subscript indicates the numberhaflf-wave patterns acss the diameter

The size of the waveguidéetermines the mode of MW that are
propagatedi so the optimum size for a specific frequency band is a
compromise of minimizing power loss and heating, requiring a large

crosssection andwiding possible excitation of higherder mode$10].

Figure 2.11 Scheme of aectangular waveguidén Catesian coordinate system (left).
Scheme of a circulafor cylindrica) waveguide of radius, in cylindrical coordinate
system.In both cases, the waveguide is positioned with the longitudinal direction along
the z-axis.
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The node equation for a rectangular cavity is showkdn?2.7:

l: 1 2 m 2 n 2 }é
fnml =( (_j +(_j +(_] :l Eq 2.7
2d 2b 2a

Herefymiis the TEmor TMpymmode 6 s r e s o ncasrthe speede quency ;
of light; n, m, I, are the number of haffinusoidal variations in the
standing wave pattern along they, andz-axes, respectivelyg, b, andd

are the dimensions of the cavity in they andz directions.

The cutoff frequency (or corresponding wavelength) oélantromagnetic
waveguide is the lowest frequency (respectively, the longest wavelength)
for which a mode will propagate in it.

In the rectangular casEg. 2.8 definesne lower cutoff frequencyfin Hz]

for aparticular mode

1 mz ) (nz)’
(fc)nm_zﬂ_\/’ugo \/( a ) +(?) Eq28

the lower cuioff wavelengti{m] is shown in Eq. 2.9:

NG

Herea is the internal widththe longe dimension [in m], b is internal

Eq. 2.9

height (the shortest dimensign[in m], m and n are, respectively, the

number of haHwavelength variations of fields in tledirectionand the
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number of half-wavelength variations of fields in the directioni as
described above, whileyis the permittivity of free space as already
defined in Eq 2.1, anduis the permeability of free space
(1.256637061410° H/m)’.

The dominant mode of any waveguide is the one of lowesbftut
frequency. From Eq. 2.8, it follows thdtet TEo mode is the domant
mode of a rectangular waveguide with a>b, since it has the lowest
attenuation of all modes. Eitharor n can be zero, but not bothor TM
guides, TM; is the dominant mode, as=0 andn=0 are not possible.

In the cylindrical casethe lower cutoff wavelength (or frequencypr a
particular TE modés determined by the following equation:

() =§,—’” Eq. 2.10

wherep'mnis given in Table 2.1 for values of m=0,1,2:

m P'm1 P'm2 P'm3

0 3.832 7.016 10.174
1 1.841 5.331 8.536
2 3.054 6.706 9.970

Table 2.1.Values forp'y,for cylindricalwaveguides.

It follows that in cylindrical wave, Th is the dominant mode. The lower
cutoff wavelength(or frequency for a particular TM mde in circular

waveguide is given by the following Eq. 2:11

" Reference:http://www.rfcafe.com/references/electrical/waveguide.htm
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(A) =22 Eq. 2.11

mn

wherepmnis given in Table 2.2, for values of m=0,1,2:

m Pm1 Pm2 Pm3
0 2.405 5.520 8.654
1 3.832 7.016 10.174
2 5.135 8.417 11.620
Table 2.2 Values for Pmn cylindrical waveguides

(http://www.rfcafe.com/references/electrical/waveguide)htm

TM311 is the dominant mode for cylindrical TM guides.

Tuner. Tuners are used to maximize the power absorbed by the load
(namely, the sample) through impedance matching (i.e., by reducing
reflection to zero between source and loddhey alsoresize the cavity to
make it resonant at tlveorking frequency of the souegas the presence of

the sample @rturbs the resonant frequency, so that the level of the desired
signal at the load isptimized. Several tuners exist, such as irises, three
stub tuners, and-H plane tuners. In this thesis, a thstab tuner has
been sed. Most practical stub tuners make use of transmission line
segments in which the segments are either open or short circlijed

In a standard stub tuner, the stubs are brass threaded bolts mounted in a
flanged waveguide sectioBy setting the stubs for minimum RP from the
load/tuner combination, it is possible to generate a reflection of any
amplitude and phas#jus maximizing te power absorbed by the load. A

stub tuner can be used at both low and high power.
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Applicator. Applicators are devices designed to ensure the transfer of
electromagnetic energy from the transmission line to the load. It is where
the MW/sample interactiooccurs.

Common types of applicators used in materials processing are: 1)
multimode (MMC), and 2) single mode cavity (SMC) systems. Travelling
wave applicators are also employed, but their use is mainly for continuous
flow system, which is not the casetbé work described in this thesis.

1) Multi mode applicators are capable of sustaining a number of
high order modes at the same time, and these are commonly used in
DMOs. The various modes result in Roniformity inside the cavity,
where regions of highnd low electric fields are present. As the size of the
MW cavity increases, the number of possible resonant modes also
increases. Consequently, MMC are much larger than one wavelength.

In MMC, the presence of different modes gives multiple hot spotsnwith
the MW cavity. For cooking in DMOs (operating at 2.45 GHz), for
example, this difficulty can be overcome by using a turntable that rotates
during operation so that the food passes through areas of high power and
therefore is subject to tir@veraged, uform heating. Another technique

to improve uniformity is to use mode stirrers. These are reflectors similar
to fans which rotate within the cavity near the waveguide input. These
mode stirrers reflect waves off the irregularly shaped blades and
constantly redistribute the magnetic field thus creating tiaweraged
uniformity in a similar way to turntables. But still, the roniformity of
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MW field causes disadvantages when DMOs is used for synthesis and
processing, such as unpredictable mode patterns, rppozducibility of
the synthesis results and the inability to modulate the power output.
However, MMCs are cheap and readily accessible.

2) Unlike MMCs, theoretical analysis can be performed in an
SMC to describeghe response of MWsAn SMC consists ofa metallic
cage in which a MW signal of the correct electromagnetic field
polarization will undergo multiple reflectionhe superposition of the
reflected and incident waves gives rise to a standing wave pattern, very
well defined in space. Since the Mybwer density (Equation 2.2, in
Section 2.1) is proportional to the electric field strength inside the material
squared, such cavities offer extremely rapid heating rates and give the
opportunity to heat materials transparent to MWs in an MMC
The presentthesis projectbuilds on theresults obtained through a
collaboration between the University of Glasgow and the University of
Nottingham, in which it was demonstrated that ultrarapid, energy efficient
processing of materials was possible with MW irradiafiLl2, 13]. In that
case, aSairen® 3-5 kW GMP 150SM microwavgenerator was used,
connected through a WR430 waveguide to an automatic téner for
impedance matching. The tuner was connected to an 82 mm internal
diameter Thy, single mode cavity (Fig. 2.12(a)). A short circuit tuner

termnated the waveguide. In Fig 2.12(b), a schematic representation of
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the position of the sample inside the cavity is depifi&d14]. Pyrometer

readings for temperature measurements were performed.

PYROMETER

TEim ‘.ll“l.,h‘
G 3wy

J———s;nc.. rube
Cirapluiig pusdyr— S BICROWAY
Pellei=— ™ EADLATICN

Silicn Cilass tube
Miaur

-
#—— eramic brick
Tedflan
suppart red

Figure 2.12 a) Photographic anth) schematic representation okt TE, MW heating
cavity.

In this thesis,a single mode microwave cavity reacioloperating at a
frequency of 2.45 GHzable to promotenaterial processingrobed byin
situ powder neutron diffraction (PND) has been designed and optimized

(Fig 2.13) A detailed description will be given @hapter 3

quartz

magnetron

circulator tuner circuit

Figure 2.13. Schematic of a SMOMW device, suitable for material processing

comprising a power supply; magnetron; rectangular waveguigert¥errite circulator;

quartz window (for preventing plasma discharge destroying the magnetron); tuner;
waveguide applicator- also called cavity (cylindrical or rectangular); short circuit (or

metal plate) It is difficult to heatceramicswith a domestic microwave oven (MMC),

becauseo for ceramics is extremely small compared to ,tFat example of food. (The

MMC type is suitable for heating ohaterials of comparatively larg® , and the SMC
type is suitable for that of smaib ]15].
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The main advantage of a SMC is that through proper design, the MW field
can befocused at a given location. Further, precise knowledge of the
electromagnetic field distribution enables materials to be placed in the
position of highest field strength for optimum coupling. Therefore, these
cavities have been used for laboratecale studies, while MMC are

typically more versatile for batch operations and processing of large,

complicated shape objects because of less stringent spatial requirements.

2.1.2Temperature measurements.

As already mentioned in Chapter 1, Section 1.3.dgraplicatedissuein

MW processing of materials is thprecisemeasuremenof temperature.
The two most common conventional methods for temperature
measurementthermocouples and pyrometergre both problematicas

discussed below

Thermocouples.Thermocoupledirectly readthe temperature whem
contact with the sample. However, timeed for thermocouples to make
conta¢ with the sample, often givesrrors or uncertairgs in the
measurements.ding an electric conductan fact, it is probablethat the
thermocouple probe will change the local electromagnetic pelitiern

and therefore heat pattern in &V [16].
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Optical pyrometers (infrared temperature sensors)l materials give off
infrared(IR) energy depending on their temperature and an infrared sensor
consists of a lens tfocus this IRenergy to a detector. The detector then
converts the energy to atectrical signal that can besgiayed in units of
temperaturelR temperature sensod® ot require to be in contact with a
sampleto read temperature and, so tltgynot need to be located inside the
cavity. However field and angle of view (targsize and distance), type of
surface being measured (emissivity considerations)thedemperatre
range under consideratiomust be taken into account for correct
measurements.hE target being measured should completely fill the field
of view of the instrument. Since tH® device determines the average
temperature of all surfaces within the fied view, it tends to average
local hot and cool spots. Emissivity is defined he tatio of energy
radiated by an object at a given temperature to the energy emitted by a
perfect radiator, oblack body, at the same temperature. The emissivity of
a blackbody is 1.0. All values oémissivity fall between 0.0 and 1.0. If

the emissivity of the sample measured is different from that which is
calibrated in the sensor, an error can occur. For most applications, a
factory setting is usually sufficien schematic of a pyrometer is shown

in Fig. 2.14
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— Eyepiece
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—

|
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Indicator

Figure 2.14 Schematic of a pyrometer. Auptical system collects the visible andrarkd
energy from an object and focgsi on a detectorThe detector converts the collected
energy into an electricalgnal to drive a temperature display or control uhite detector
receives the photon energy frotine optical system and conveitsinto an electrical
signal. Two types of detectors are used: thelftharmopile) and photon (photomultiefi
tubes). Photo detectors are much faster ththa thermopile type. Thienables the user to
adopt the photortlype for measuring the teremture of small objects movirgt high
speed (Picture taken fromhttp://www.globalspec.com/reference/10956/179909/chapter
7-temperaturaneasurementadiationpyrometers

Temperature measurement during MW reactions is difficult because
emissivity changes as the chemical composition of the pellet changes and
emissivityalso depends on other factors such as size, shape and granularity of
the sample. In addition to the issue of emissivity, due to the mechanisms
involved during microwave heating the surface temperature of the pellet
measured using the optical pyrometer dohk significantly different from

the bulk temperature.

To overcome these difficulties and avoiding misleading temperature
measurements, imthe work described in this thess crystallographic
thermometer has been used as temperature probe, taking advaintiag
presence of carbon graphite in all the samples and the fact that the linear
thermal expansion of graphijte, is known with a good accuracy for a
wide range of temperatures in literatiir293 to 1473K 17, 18].

From Eqg.2.11, thec-axis value at a given temperature T carcéleulated:
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c(T)=cr + acr (T-Tr) Eq.2.11

wherea is the linear thermal expansion (27.7(x0<D° K™), ¢(T) and

crr (=6.7079A, at 298K) are the-axis values at the unknown and at the
reference temperature respectivelyand Tr are the unknown and the
reference temperature, respectively. The unknown temperature T can be

then derived from E.12

To1 D= Eq.212
(04

wherec(T) is calculated by performing sequentiafinement againsin

situ data.

The error on T is given by the root nmeaquare deviation (RMSD)f

T=T-T andc=c-c,, then Eql2can be rewritten as:

T

Rlol

Eq.2.13

and the error off is given by:

_ _\2 2
ﬂz\/(ﬁj +[5_0‘J Eq.2.14
T (o a

2.2 Synthesis and Processing

MW synthesisof titanium carbide (TiC) and more complex ternary

carbidesconstituted thanain targetof this thesisWhile the synthesis of
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TiC was conducted in both MMC and SMC, starting from both elemental
powders (Ti and graphite), and its oxide (Ti@hd graphite), the ternar
carbides were processed in an SMC only, starting from their elemental
powdersln all the cass, starting materials were used as purchased.
Mixtures of powders were ground in an agate mottamake them
homogeneoysand thercold pressed usinghdnydraulic press. Pellets were
kept undera pressureof 5 tonsfor about 10 minutes before being
removed Pressedpellets(8 or 10 mm diameter; 1 g; 1 cm thickneg®re
embedded in graphite (acting as a MW susceptor) in a 10 or 12 mm
diameteropensilica tube MW transparent). In the case of T&ynthesis

in an MMC, the quartz tube was placed in a beaker filled with low
dielectric loss silica flour.

A summary ofthe experimental setip (both MMC and SMC) is reported

in the following sections (2.2.1 and 2.2.Zspectively), while more

detailed descriptiors given in next Chagers 3 and 4

2.2.1 Synthesis using a multi mode microwave cavity (MMC)

The synthesis of TiC was conducted in a DMO 800W MMC, operating at
2.45 GHz (Fig. 2.15(a)). All experiments wererfpemed at ambient
pressure, in air, using a 12 mm diameter, 1 mm wall thickness quartz tube
as reaction vessel, closed at the bottom and open to the top. The tube was

then inserted in a glass beaker filled with ground silica (Fig. 2.15(b)),
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which providedthe mechanical support and the thermal insulation for the

guartz tube during the reaction.

12mm
glass
—_—
beaker < quart= tube
N B
graphite
IBBER" WWdH
sample { | {susceptor}
b)

Figure 2.15 a) Picture of theMMC used in the work described in this thesi;
Schematic of silica beaker plus sample holder (quartz tube).

2.2.2Synthesis using a single mode microwave cavity (SMC)

Two different SMC systems have been used in the work described in this
thesis: aGaerling Applied Engineeringnagnetron head,-0 kW power,

2.45 GHzfrequency, available at t@lasgowUniversity (Fig. 2.16(a),(b)

and (c)) and aSairen® GMP20K microwavegeneratorof 2 kW power

and 2.45 GHz frequencgyailable at the ILL(Fig. 2.17).
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