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Abstract

This research involves the development of a totakyv approach to thermal analysis in which
microwave energy is used not only to heat the sanmpit also to detect thermally induced
transformations via the effects of changes in i&dedtric properties. Use of these properties, elath
than the more usual mass or enthalpy changes ofentional thermal analysis, provide a unique
insight into thermal processes.

Microwave thermal analysis (MWTA) is a technique &udying the efficiency of the conversion of
microwave to thermal energy by measuring the mienevpower-temperature relationship for different
materials. Power/temperature verses time profiesdme cases give an indication of physical and
chemical changes occurring in the sample, via cesingthe dielectric constant.

An instrument for performing microwave thermal asé8 (MWTA) has been designed, constructed
and applied to an extensive range of chemical systexhibiting a variety of physicochemical
transformations, including melting, decompositiamd asolid-solid phase changes. MWTA has been
shown to provide both qualitative and quantitaiiv®rmation with sample masses ranging from the
analytical (1 to 20 mg) to semi-preparative (0.510 g) scales. It has been demonstrated that MWTA
can be used in conjunction with complementary tephes such as differential thermal analysis (DTA)
and X-ray powder diffraction (XRD) to provide addital data. MWTA has the potential to be
extended to incorporate some of the latest devetopsnin thermal analysis, including methods
involving temperature modulation and evolved geelyasis.

MWTA has the potential to have applications in thesign of industrial processes by providing
detailed information on the effect of microwaveiatidn on both physical (e.g. phase changes) and
chemical processes.



Glossary of terms

RAE The research assessment exercise
MWTA Microwave thermal analysis
MWDTA Microwave differential thermal analysis

MWTA (MWDTA) Microwave thermal analysis performed the HPB cell, allowing any material to

be tested whilst still controlling on the sample

TA Thermal analysis

DSC Differential scanning calorimetry

DTA Differential thermal analysis

TGA Thermogravimetric analysis
T Change in temperature

Ts Sample temperature

T, Reference temperature

Tm Fusion temperature

Ty Glass transition temperature
H Change in enthalpy

Q Heat transfer

Cp heat Capacity (J/g °C)

dT/dt Heating rate (°C/min)

GHz Giga hertz

MHz Mega hertz
s Dielectric constants

Complex dielectric constant
Angular frequency
' Permittivity
" eff Effective loss factor
Electrical conductivity
0 Permittivity of free space (8.8542 x @ N*m?)

Attenuation factor

Dp Penetration depth
Wavelength
¢ Cut off wavelength
0 Wavelength in free space



MCRC

XRD
SEM

Hot zone

Hot spots

MWDTA-GEA

Evanescent

j

Cavity
HPB cell
Anisotropic

Birefringent

Polymorphism

(0.9)
(pk)
Antioxidant
PID hunting

Wavelength in a waveguide

Impedance

Electrical resistance

Relative permeability

Materials and catalysis research centre véisity of Huddersfield, School of
applied sciences

X-Ray powder diffraction

Scanning electron microscopy

The area within the waveguide where tghadst likelihood of coupling can be
obtained.

Where the applied field is stronger poiat causing a localised area to heat
more than the rest of the sample (an undesiratdet®f

Microwave differential thermal analysistiv gas evolution analysis

Last for only a short time, then disappg quickly and being forgotten

When no real number can be used in a equatidrstheres into a negative real
number, an imaginary number can be used and gheegsyimbol j (in travelling
wave theory), by treating j as an unknown whilen@aging the equatior? gan
be said to be equal to -1.

A volume enclosed by a conducting wall ugetilouse microwave energy.
Hamilton-Parkes-Barnes cell

Possesses different properties indirextion compared to another

A macroscopic property of anisotropaterials which causes an incident ray of
polarized light to produce two patterns, due téedénces in refractive indices
and long range molecular orientational order

Crystalline compounds which appealifierent solid forms, while retaining
identical vapours and liquids.

Onset temperature

Peak temperature

A molecule capable of slowing or pretiag oxidation of other molecules

As the control system tries to retwrthe set-point it may continually overshot
(or undershoot) the value resulting in oscillat@mmhunting around the set-point

value.
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PID overshoot

PCM
ADC

ISA

Q

IUPAC
Atactic
Syndiotactic
Isotactic

SD
Permittivity

Attenuation

Permeability

Reactance

E

0

M/S

m/z

rms
Hysteresis
RCHPB

On going through a transition th2 Bbntroller responds to the change in error
signal, if the PID controller can respond stronglyhe change it can cause it to
exceed the set point, resulting in an increaskarsample temperature

Phase change material
The Analogue-to-digital controller, convertsaéogue signals to digital signals
which are capable of being read by the instrumpetating system.

Industry Standard Architecture, an 8 bit systesad in personal computers to
connect peripheral cards to the motherboard.

Quiality factor (general, isolated empty, isolateth dielectric, loaded, external,
effective, dielectric workload)

International Union of Pure and Applied Chemistry

No regular pattern of orientation of tiegpeat units

Regular pattern in the orientationhaf repeat unit

Repeat units all possess the sametatien
Standard deviation
Describes how an electric field affects and is&#d by a dielectric material. It
is determined by the ability of a material to padarand respond to the applied
field.

On passing electromagnetic energyudiinca medium, part of the energy is
absorbed and converted to a different form

e degree of magnetisation of a material that redpto an applied
magnetic field

The imaginary part of electrical impedaa measure of opposition to an
alternating current. Reactance arises from theepeesof inductance and
capacitance within a circuit

Electrical field strength

Intrinsic impedance of free spacé((ng/eo) )
Mass spectrometry
Mass unit
Root mean squared
The lag of a response to a changsystam

Removable crucible Hamilton-Parkes-Barndls ce
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Introduction

In this section the field of thermal analysis isanluced and the advantages of developing microwave
thermal analysis are detailed. The theory behirtoniave heating is discussed along with the

instrumentation used throughout this research.
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Chapter 1

Introduction and previous work

The first few chapters provide a detailed overvietvthermal analysis and microwave heating,
followed by the introduction of the microwave thedmanalysis equipment and the reasons for

developing the technique.

Currently one of the main areas of research wittnmaterials group at the University of Huddetdfie

has been to create novel thermal methods for anglyand processing materials whilst using
microwave heating. Microwave Thermal Analysis (MW)TiA a totally new thermal analysis technique
that has the potential to provide data of consideranterest to chemical and pharmaceutical
companies, which use microwave heating for manufaar processing. By monitoring how a material
behaves when subjected to microwave radiation, MV®AId indicate which systems would be most

amenable to microwave processing and possiblyna@dieésign of a process plant.
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1.1 Thermal analysis (TA)

1.1.1 Thermally induced processes

1.1.1.1 Enthalpy

The change in internal energy (U) is a result efshm of the work done on (w), and heat suppli¢d (q

to a system.

DU =dw+dqg

Equation 1: Definition for the change in internal heat

Most TA experiments are performed at atmospherssure, therefore changes in the heat supplied is

of greater significance under experimental condgio

When energy is supplied as heat (and the systamaconstant pressure) it can be said to be ¢gual

the thermodynamic property, enthalpy.

The enthalpy (H) of a system is defined as:

H=U +pV

Equation 2: Definition of enthalpy

Where: p = pressure

V = volume

Accordingly, a change in the enthalpy of a systeraqual to the energy supplied, providing thas it i

heated at constant pressure and no additional isqgrérformed by the system.

DH=qp

Equation 3: Relationship between enthalpy and supd heat energy

Where: @ = The energy supplied by heat (at constant pregsur
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Therefore, if heat energy is increased in a system. during an exothermic transition) then the

enthalpy will increase positively and vice versa.

1.1.1.2 Heat capacity

The slope of a tangent to a plot of temperaturenaganternal energy (U) equates to the heat cépaci
(Co when at constant pressure) at that temperaturet ¢égmacity can be used to relate changes in
temperature to changes in enthalpy (assuming thaer@ains constant over the temperature range of

interest).

DH =C,DT

Equation 4: Relationship between enthaply and a mearable change in temperature

As the enthalpy of a system is said to be equtddgsupplied heat the equation can be written as:

DH =q, =C,DT

Equation 5: Combination of Equation 3 and Equation4

Most systems when heated (at a constant pressxpah@, therefore work is done on the surrounding

and some energy is lost.

A smaller temperature rise of a system comparedrederence during dynamic heating (in the absence
of a transition) can indicate a largeg @ that system, the result of which is that infehéntial TA
methods the sample temperature will lag furtheririzblthe reference as the heat capacity differences

between the two cause a drift in the calculate@lbss

1.1.1.3 Examples of thermally induced processes

Enthalpy or heat changes result from phase chasiggs as fusion, boiling, sublimation, vaporisation
and dehydration reactions, dissociation or decoitipnsreactions, glass transition temperatures,
specific heat capacity, oxidations, reductionsyparphs, destruction of crystalline lattice struetu

and chemical reactions.

23



Introduction and previous work

Figure 1: Typical DTA/DSC trace [1]

Typical DTA reference materials include alumindicen carbide or glass beads and are selected for

their thermal stability and inertness.

The general definition of thermal analysis (TApigroup of techniques in which a physical propefty

a sample is measured as a function of temperatdmiée the sample is subjected to a set temperature
program. This method of analysis can be used fdh lopality control and as a research tool in
industry; for information on products such as padys) pharmaceuticals, clays, minerals, metals and

alloys.

TA has a diverse range of applications [2] inclggin
Identification,
Characterisation,
Quantification,
Substance quantities,
Purity tests,

Obtaining fundamental thermodynamic and reactioetikts data.

The most commonly used TA techniques are Diffea¢niihermal Analysis (DTA), Differential

Scanning Calorimetry (DSC), and Thermogravimetn@hsis (TGA) [1].
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1.2 Thermal analysis instrumentation

1.2.1. Differential thermal analysis (DTA)

Sample Reference

Thermocouple
<—T>

Heater

Figure 2: Schematic of a typical DTA instrument

DTA is used to characterise materials by raising thmperature at a linear rate while heating a
reference at the same rate. The difference in teatye or heat flow between the sample and referenc
pans is plotted as a function of temperature oetiBy heating both the sample and reference in the
same furnace, any thermal changes that occur isdtmple will result in more or less heat requirgd b
the sample to maintain linear heating, and anyltiaguexothermic or endothermic processes will be

represented by a peak on the trace Dor H verses temperature or time.

When using DTA techniques the sample temperatureorginuously compared with a reference

temperature. Experimentally, this is achieved usinfyrnace which contains a sample holder which
holds two identical and symmetrical areas for samplacement. These areas contain identical
thermocouples (or another appropriate temperatwegasaring device). The sample is placed in one
holder, and a thermally inert substance (usualBtumina, silicon carbide, glass beads or an empty
pan) is placed in the other, then both holdershmated at a uniform rate, and the difference in

temperature between the twol) is recorded as a function of time or temperature
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1.2.1.1 History of DTA

In 1899 W.C. Roberts-Austen introduced the conadptmodern differential thermal analysis [3].
Previous to his work, samples were tested with eantlocouple in the sample, while the furnace
temperature was monitored and deviations from titebetween the two were recorded as transitions.

The Roberts-Austen instrument included a referevitt@n a close thermal environment to the sample,

which ensured the temperature differenc& € Ts - T;) between the sample and reference was very

small. The advantage of the arrangement meantthdte sample went through a transition, its rate o

cooling/heating slowed, whereas the referencerestmined constant, resulting in a larger value of

After the transition the sample temperature grdguaturned to the reference temperature, returning
T to near zero again. AsT was always near zero, regardless of the sampiperture, the

sensitivity of the technique was greatly improved.

Figure 3: Roberts-Austen's DTA design [3]

Early DTA suffered from poor repeatability until3® where Nortoret al. [4] empirically decided to
use the peak area of the curve rather than the Ipsigkt to make quantitative measurements; it was

later found that the peak area was in fact propoati to the heat (Q) in the sample.

The next major advance in the development of difigal methods was in 1955 by Boersetal. [5].
At the time both the reference and the sample testye were measured using a single thermocouple,

therefore the sample was used to both produceaneadievelop a differential signal.
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Boersma’s new sample holder was designed to sepdwede two functions by heating both the sample
and reference on a piece of thermally conductiveena, on which the differential temperature could
be measured (assuming each pan and thermocoupke idemtical). This meant the sample and
reference temperature were not equal to the papaeature due to the low thermal conductivity of the
sample compared to that of a metal pan. Instead thas an average temperature measurement of both
the sample (and reference) and pan combined, thainat impeded by the thermal conductivity of the

sample itself.

The advantage of this design allowed the peak doeanow be solely dependent on the
production/absorption of heat originating from tiensition. Another advantage became evident as
sample sizes could now become much smaller. Whga Eamples were used the thermal gradient that
existed due to the rate of heat conduction comperelde heating rate, gave rise to peak broadening.
With the new sample cell design there was no lorrgeeed for the thermocouple to be completely
covered by the sample in order for a good thermakact to exist. As long as the thermal contact
between the pan and the measurement material was then it could be assumed all other factors
stayed constant or in equilibrium with the surrangd so the measurements obtained were reduced in

errors caused by the samples thermal mass andeshupérature readings from a signal source.

Figure 4: Example of Boersma sample chamber desig8, sample; R, reference material; F, furnace [5]

Several years later a technique that was a conbamat all the previous advances in DTA was created

and named Differential Scanning Calorimetry or Q3
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1.2.2 Differential scanning calorimetry (DSC)

(a)
(b)
Sample Reference Sample Reference

memperature senm

Thermocouples | (T WW—"™y T WW

> —AN— —IVWWAN—

A
W Two identical heaters
Heater

Figure 5: Schematic diagrams of the two DSC types Heat flux DSC (b) Power-compensation DSC

Differential Scanning Calorimetry (DSC) is now thest widely used form of thermal analysis. It
works in a similar way to DTA, except that it i€alorimetric method and so differences in energy ar

recorded not temperature.

There are two popular types of DSC instruments,gga@mpensated DSC [Figure 5 (b)] and the heat
flux DSC [Figure 5 (a)]. In the former method thegple and reference are heated separately so that
there temperatures are kept equal and the differenenergy needed to maintain these temperatures
are recorded. In the latter the changes in heat #hoe measured as the sample and reference
temperatures are increased linearly in one furnacgome cases there is a thermal contact betvireen t
sample and reference to ensure that neither dinbeéemperatures can deviate too far away from each

other.
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1.2.3 Thermogravimetric analysis (TGA)

(@) b) |5

A

Furnace
G control

D
I—\Temperature sensors O

P
A © E
v | | S| TT1 | R|
v Recorder
D
F
Welded
c Control | | Tare || Amplifier thermocouple
amplifier calculator junctions

Figure 6: Schematic diagram of (a) Thermal balanceA — beam, B — sample, C — counter balance, D — lgnand

photodiode, E — coil, F — magnet, G — furnace (b3DTGA head mounted on a thermal balance beam

TGA involves determining changes in mass as a iomabdf temperature. It is commonly used to

research degradation temperatures, absorbed caiterdterials, levels of inorganic and organic part

contained in a material and analyse solvent residiiteemploys a sensitive electronic balance from
which the sample is suspended in a furnace coetrdly a temperature programmer.

All current conventional thermal analysis instruntgentilise electrical furnaces for heating where th
heat passes from the furnace wall to the surfacaraf then through the sample by conduction. This
process produces temperature gradients within #@mepke that reduce the resolution of the data
produced by the TA technique being used to study it
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1.3 History of microwaves

The use of microwave heating as an industrial appbn was originally considered around 1948 [6].
The magnetron was invented during the Second Wa#d for military radar but its possible civil
applications were quickly realised. Using microwa¥er the preparation of food is attributed to Rerc
LeBaron Spencer from the Raytheon Corporation, lmhohance discovered that when walking past a
radar mast a chocolate bar melted in his pocketnUfurther investigation it was found that
microwaves could induce heating in many foodstaftse rapidly than via a conventional furnace. The
transformation from military to civil applicationeas not an easy transition as the appropriate
equipment was unavailable and (perhaps more imuityjahere was no data on dielectric properties
of materials to be considered for microwave heating

Von Hippel [7] led a group at the Massachusettstute of technology (M.I.T.) in the late fortiesity
fifties working solely on obtaining reliable data material dielectric properties. Their work on amg
and inorganic materials in the region of 100 <f€Hyr is now the basis for radio and microwave

heating techniques [6].

Wavelength (m)
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Figure 7: Diagram of the electromagnetic spectrum

Microwaves and radiowaves are both forms of nofeiog electromagnetic energy. lonizing radiation
has a very high frequency making it of high eneagyg able to penetrate most objects. Non-ionizing
radiation, such as microwaves, have a much loveguigncy and as such reduced energy, making them
less damaging to biological tissue. Microwaves defined as the region of the electromagnetic
spectrum with wavelengths of between 0.01 and tamesponding to frequencies of between 0.3 and

30 GHz. Microwave frequencies correspond to théseg tause molecular rotation and microwave
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absorption spectroscopy has been used for thesasmalfygas phase molecules. However, in solids and

liquids microwaves can induce heating as will bplaxed in detail in Chapter 2.

To stop interference with radio signals (and otfeems of telecommunications) the wavelength at
which microwaves can be used for scientific andugtdal uses is regulated. In most countries, the
allowed frequency is 2.450 (+/- 0.050) GHz althowgher frequencies have been allocated (Table 1
shows the allocated frequencies for industrial, isednd scientific uses worldwide). If heating dee

to be done outside the allocated band, an effestiveld (Faraday cage) must be used to enclose the

source to prevent radiation leakage.

Frequenc _
(GH) Tolerance (+/-) Area permitted
0.434 0.2% Austria, Netherlands, Portugal, Geyn&witzerland
0.896 10MHz United Kingdom
0.915 13MHz North and South America
2.375 50MHz Albania, Bulgaria, CIS, HungaRgmania, Czech /Slovak Republi
2.450 50MHz World-wide, except where 2.375 is used
3.390 0.6% Netherlands
5.800 5MHz World-wide
6.780 0.6% Netherlands
24.150 25MHz World-wide
40.680 25MHz United Kingdom

Table 1: Permitted Frequencies for Industrial, Medcal and Scientific uses

In October 1954 the first microwave oven was panEor the following 20 years advances and new

applications followed.

To begin with, microwave heating was used mainlyh®/DuPont company for industrial applications
such as drying, where the company built large mieree drying plants for the removal of water from

nylon in the 1950s and 1960s [8]. Recently, the afsmicrowaves has become more widespread and
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covers processes such as ceramic sintering, polgorerg and the drying of wet analytical samples

[8].

Currently, microwaves have found applications igamic synthesis following the work of microwave-
assisted organic synthesis (MAOS) described by &etlgl [9, 10]. Since his investigations the area
has become of great interest to synthetic cherargishas led to the publication of over 2000 papars

the subject.

Microwave heating has many advantages including:

Increased heating speed which improves efficiency,
Ease of operation (can be turned off and on ingteously),
Better thermal efficiency compared to conductivatims,

Improved product quality.

1.3.1 Previous thermal analysis with microwaves

Although the use of microwaves has broadened vastibe the discovery of its heating capabilities, i
use in thermal analysis is not widely mentionetdeothan the work of Karmazsat al [11-13] which
led to the work of Barnes, Parkes and Bond [14ahd] the later related work of Neslsttal [18].

The Karmazsiret al [11-13] instrument was based around a single-madéycoperating in a TE10
(H10) mode (see 2.6.1 Modes of propagation, page Ibdlemonstrated that larger samples (loads)
could be heated with greatly reduced thermal gradi¢han exhibited with conventional furnaces.
Interestingly, the instrument also highlighted eliinces to conventional methods, for instance the
reversal of the observed peak when water in diffeferms was evolved in dehydration experiments.
Vaporised water does not couple to microwaves, adgediquid water is known to be a strongly
absorbing material. Therefore water in the liquidtes resulted in a sharp increase in the sample
temperature, while in the vapour state the tramsitvas illustrated as a fall in sample temperature,
making the two different states very easily distisgable (see 7.6.1 Copper sulphate pentahydrate,

page 251 for an example from this research).
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The machine also possessed a DTA function whicligat@roblematic, owing to the differences in tan
between the sample and reference (a similar pmollkeich was overcome in the current research in
Chapter 7, and Section 5.3 Development of a micvewdifferential cell page 196, 128 respectively).
Karmazsin also suggested heating the waveguidgassible solution for reducing the reverse thermal
gradients exhibited by microwave experiments, @ler which has been investigated in this research
during the development of new sample cells (se®BMelopment of new sample cells, page 118).

A prototype microwave thermal analysis apparatudV{\) was constructed in the Materials and
Catalysis Research Centre (MCRC), University of thrdfield by Parkeset al. [15-17]. This
instrument also utilised a single-mode cavity tbugea standing wave to focus the electric fieldhaf
microwave radiation onto the sample while usincdhezitthe sample temperature or the applied
microwave power as a means of detecting thermallyuged transitions such as melting or

decomposition.

The potential of the instrument for thermal anaysas demonstrated in a series of DTA experiments
on a range of materials [14]. Microwave energy pesduce more uniform heating than conventional

methods involving furnaces which rely on conductibmthe context of thermal analysis this suggests
that MWTA has the potential to give enhanced resmiu

Recently, a modified form of MWTA has been devebtbjae the MCRC called Microwave Dielectric
Thermal Analysis (MDTA) [19] which incorporates atwork analyser to allow direct measurement of

the dielectric properties of a material heated gisincrowaves.

The development of microwave thermal analysis wesve to have the potential to provide a further
insight into the properties of materials during rawave heating, and will be discussed further in
Chapter 6 and Chapter 7.

1.3.2 Microwave Thermal analysis (MWTA)

The instrument built at the University of Huddeetdi further developed the initial work of Karmazsin

et al and is described in the following sections.
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1.3.2.1 MWTA

Microwave thermal analysis has the potential toestigate the interactions of matter with
electromagnetic radiation at microwave frequenclegrovides both heating and informative data
resulting from changes in dipolar polarization, a&helctrical conductance using changes in the agpplie

power.

With the advances detailed in this thesis MWTAapable not only to monitor the changes mentioned

earlier but also to provide data comparative toveotional thermal techniques such as DSC and DTA.

1.3.2.2 MWDTA

The application of differential methods (as detaile previous sections) provides an increase in the
sensitivity of the instrument in detecting smaltrexipy changes. It is likely that most of theseetyof
transitions are coupled with dielectric changeseWglthis is not the case, without the developmént o
this method as detailed in this thesis, the rarigamples that could be investigated would be &hit

to those that exhibit dielectric discontinuitieshel addition of the MWDTA method allows
conventional thermal analysis to be performed usimgrowaves with the added advantage of

increased sensitivity at points where changeseatediric properties are not evident.

1.3.2.3 The need for MWTA

Typically, transitions which are observed by TA arehe order of a few degrees whereas a transition
observed via MWTA can be within the order of 10fsl00’s of degrees when using similar masses to
methods such as DSC, making a transition very evidéne advantage of this increase in sensitivity
allows transitions such as dehydrations very easyetermine. Water couples strongly to microwave
radiation and when it is lost the power required thee instrument to reach the set point changes
significantly. This is therefore a very useful madhfor the identification of water in pharmaceutica

samples for example.

Aside from the conventional uses for microwave ithedranalysis, in the growing area of microwave

heating, MWTA has the potential to give much neetdegdrmation on how materials interact with
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microwaves and are heated which could determinethehea process is suitable for microwave
treatment or if other factors (such as thermal wayg would make it undesirable.
Microwave thermal analysis is also very efficieatreearly all the energy used during an experinmgent i

used to heat the sample and not the furnace vealtbead spaces.
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Chapter 2

Theory

Microwaves can be described as a propagation phememthat requires no material support and

involves an electric and a magnetic field componeath of which is a function of time [20].

Even though they are grouped in the same categooyher electromagnetic waves such as X-rays and

gamma rays they are not ionising as they do natgmenough energy.

The MWTA technique is based on how materials imtersith microwaves. The extent of this

interaction creates both the heating and the analyignal for a sample during an experiment.
This chapter describes a fairly non mathematicaisbaf the production and application of microwaves

and their interaction with matter. The advantages disadvantages of the propagation of microwaves

through a waveguide and the appropriate calculst@wa also discussed.
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The theory of microwave heating

2.1 Microwaves

A schematic diagram of a microwave is shown belds/with all electromagnetic waves the electrical

(E) and magnetic (H) components are at 90° to e#tedr with both components in phase.

=Y

Figure 8: Diagram of the propagation of an electroragnetic wave, E, the electrical component in the y axis, kj the

magnetic component in the x axis, Z, direction of ppagation, the wavelength.

2.2 Electrical properties of dielectric materials

A dielectric material is a material in which pokation can occur in an applied electric field.

Dielectrics differ from conductors, as their chargee bound, i.e. held in place by atomic or md&cu

forces, and are unable to move macroscopic distamdée the charges in conductive materials.

The extent to which these materials interact witbrawaves is dependent on several factors withen th
material:

Polarisation,

Permittivity,

Electrical properties of materials,

Permeability.
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2.2.1 Polarisation

Mechanism No applied field Applied field

Electronic
polarisation

Dipolar
polarisation

Interfacial
polarisation
(Maxwell-Wagner
polarisation

Figure 9: lllustrations of mechanisms for electrichpolarisation

In the presence of an applied electric field th@uted charges in the dielectric material will teod
realign. In the case of electronic polarisation d¢ectrons shift from their position near the nutte
one which can track the field more easily. Whereananent dipole is present the dipole again reslign
with respect to the applied field resulting in dguopolarisation. An alternative form of polariati
arises from the accumulation of charge at the fiaatess in heterogeneous materials, causing an idduce

dipole in the bulk of the material (interfacial pdkation).
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2.2.2 Permittivity

The complex dielectric constant of a materid,is given by

Equation 6: Complex dielectric constant

Where: "is the real permittivity (a dielectric constant)

" off IS effective the dielectric loss factor

=1,

" is a measure of the material’s ability to be pgkad by the applied electrical field, whereas the
imaginary part of the complex permittivity,, is related to the efficiency in which the elextragnetic
energy is converted into heat. The effective digledoss factor, "¢, is made up of the dielectric loss

(from polarisation) and the conductive (Ohmic) loss

6= +->
eff Weo

Equation 7: Effective loss factor equation

Where: is the electrical conductivity of the material.
is the angular frequency of the radiation € 2 f, where f is the microwave
frequency)
o Is the permittivity of free space

" is the loss factor

The ratio of the loss factor and the real permtitiis equal to tan (the tangent of the anglg, the

phase lag between the applied electrical fieldtaedesultant polarisation:
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o
tang =

Equation 8: Equation for the calculation of tan

Tan is a good indication of how efficiently the matdrconverts the applied waves into heat, as the
greater the phase angle (see 2.4 Heating via dipolarisation, page 42) the greater the lossas fro
the material. It is worth noting that tanis not a linear function as it is greatly affecteg both

temperature and frequency.

The power dissipated per unit volume of a matetigijected to a microwave field is given as:

2
ms

=2p.f.e.e..E?

ms

P =we,.e.tand.E

Equation 9: Equation for power dissipated per unitvolume

Where : Ems IS the root mean square of electrical field sttenig the material (V/m)

From this equation it can be seen that the grélagevalue of tan the more power is dissipated in the

material and the greater the extent of heating.

2.2.3 Electrical properties of materials

As microwave heating is in no small part electricaating, the electrical properties of a matersaléha
major effect on the extent it heats. Electrical duostivity and resistivity can be crucial factorgith

relationship to each other can be shown usingdhewing simple equation:

1_1

/’:—:—

s we

Equation 10: Relationship between resistivity, elddcal conductivity and dielectric properties

Where: IS resistivity
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2.2.4 Permeability

This thesis mainly concentrates on the heatinglttegufrom the electrical component of the wave,
although when materials are heated using microwavssot clear if the magnetic component of the

wave also plays a significant part. The complexability ( *) of material is given by:

m=(n-jn")
Equation 11: Complex permeability equation
Where: * is the complex permeability

" is the real permeability

" is the magnetic loss resulting from relaxatiom a@sonance

Permeability losses of dielectric materials do have the same trends as other magnetic properties,
such as hysteresis, and are associated with elespm resonance. In practice in non-magnetic

materials the permeability can be said to be emualand so is negligible.

2.3 Microwave heating

Microwave heating arises from a number of fact@ktmg from the dielectric properties of the
material being heated. When a material is subjetdeh applied electric field, the total polarisati
( ¢) is calculated from the sum of four componentsctbnic polarisability (¢), atomic polarisability
( a), dipolar or re-orientation () and interfacial polarisation }. The latter is sometimes referred to as

the Maxwell-Wagner effect. The total polarisatiajuation is:

Equation 12: Total polarisation equation

In the microwave frequency range, the electronianability and atomic polarisability can folloue
alternating electric field component of the elestemnetic energy without the generation of heat. The
most important term isq, which is the result of polar molecules or pernmrdipoles in a material
attempting to re-orientate in an alternating eledteld.
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The role of the Maxwell-Wagner polarisation is degent on a range of complex factors relating to the
heterogeneity of solid surfaces at the microscéprel. It generally only has a small contributian t
heating although it is involved in the build upabfarge between particles which can produce loahlise

plasmas with some materials.

The two main causes of microwave heating of saiod liquids (gases are not heated by microwave
energy at atmospheric pressure) are as follows:
Dipolar polarisation

Ohmic heating

2.4 Heating via dipolar polarisation

The microwave frequency which is applied to theeriat affects the extent of heating, which can be

calculated using the Debye equation.

€=6-jg =g+ %
_(e-g )t
\ e=rs =/
A+ w't?)

Equation 13: Debye equation

Where: sand are dielectric constants under direct currenttagt frequencies respectively
is the relaxation time of the system which corgtrtthe build-up and decay of
polarisation
"4 is the relative dipolar loss factor
j Is an imaginary number\/f-_l)
is the angular frequency of microwaves € 2 f where f is the microwave

frequency)

The Debye equation can be interpreted as the dffmpiencies have on the dielectric.
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At a low frequency, there is enough time for thpotls in the material to follow the applied field

easily. The material at this point stores mostha& applied energy and, although some is lost in
collisions, the overall heating effect is low. Het frequency is too high the dipoles do not have
sufficient time to respond and so do not rotatsulteng in no motion and hence no energy transfer o

heating.

However, at microwave frequencies the electricdfialternates slowly enough for the dipoles to
attempt to track the electric field but too quickiyr the rotating dipoles to keep up. The phase
difference (tan ) between the orientation of the field and the Bipcauses energy to be lost from
random collisions between dipolar molecules, aratffermed ‘molecular friction’ [6, 7] and it isish

which produces heating under these conditions.

2.4.1 Heating via Ohmic heating (conduction losses)

Dipolar polarisation is the primary cause of hegtin polar liquids and solvents but in the case of
solids, conduction effects can be more importardgret polar particles are drawn back and forth
through a semi-conducting material by the highrgjtie of the alternating electric field, giving risea
process known as ‘Ohmic heating’ [8] or dielectiigsteresis, a process seen in resistors when a

current is passed.

2.4.2 Thermal runaway

One drawback arises from the fact that the tefraad "¢ (and hence tan) are dependent both on the
material and, crucially, the temperature. For sonaerials, their ability to couple with microwave
energy can increase sharply with temperature, patgnleading to undesirable ‘thermal runaway’

effects. MWTA is ideally suited to investigate tipisenomenon.

A large number of solids have low dielectric lossasl these losses increase with temperature.éis th
temperature increases tanrapidly increases and the temperature then risg®nentially. The
temperature can only be stabilized if heat canepeorved at a rate that equals the rise, or by higiti

the microwave power.
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2.4.2.1 Behaviour of ¢ with temperature

The effective loss factor or e is of great importance in the context of microwdnaating, and is
believed to be the main contributing factor to tegponses seen in quantitative MWDTA experiments.
As shown in the microwave heating equation (seeafiou 14) changes ine; directly affect the rise in

temperature observed, therefore howis affected by temperature cannot be ignored.

In conventional thermal methods the enthalpy oysiesn controls the area of the peak, moreover the
system returns to equilibrium with little changetih® baseline. Where the baseline is altered anis
effect of heat capacity. In a microwave run whdre sample has dielectric changes the standard
response is an alteration in baseline which dodsretorn to the pre-transition value, asq has
changed and therefore so has taifhe return to the baseline seen in conventiorethods is due to
the heat required by the sample being provideddmdaction from the surroundings. If microwave
heating was the same as conventional heating themould be quickly equilibrated by the rate of heat
loss due to the colder surroundings, but as thisoisthe case when larger samples are used it is
believed that, strong changes in taand sample masses during heating are the maie céulse non-

linear results seen in Chapter 8.

2.4.2.2 Microwave induced heating rates

The equation below shows how changeggfdirectly affect the rate of heating.

(T-T,) _ 0556 10 Ve xf xE2
t r>Cp

Equation 14: The combination microwave heating equ#on

Where: r= M
\Y

E - E @ azej(wt— bz)
max
Where: is the attenuation factor

is the phase factor
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Altering the mass and volume of a sample (and hdmeelensity and heat capacity) will have a direct
effect on the heating rate. It is documented thet value of .z changes exponentially as the
temperature rises [6] in many cases, resultindgpénrate of T changing exponentially and giving rise

to thermal runaway.

2.4.3 Heating of poorly coupling materials.

A number of materials do not heat by any of the maasms discussed previously and therefore
require an auxiliary medium in order to raise thtemperature when only using microwaves as the

heating source.

The medium most commonly used in these caseslelaalsusceptor and is a material which is able to
absorb electromagnetic radiation and convert iheat resulting in the surrounding area heating via
conduction. Commonly, the required amount of suszap mixed with the material of interest creating
countless heating sources or ‘intimate furnacestiwheat the material from several points withi an

around its volume.

The advantage of this arrangement is, althoughstmaple is heating via conduction, (as in a
conventional method) the material and heating ®surare touching therefore nearly eliminating
thermal mass. In addition to this, the applied poareheating rate required to heat a material Gan b
altered by either adding or removing susceptibléema. The main disadvantage of this technique
occurs if the material is not thoroughly mixed be fpercentage of susceptor is too high. As a result

localised hot spots can occur leading to thermadway, and/or inaccurate temperature measurements.

2.4.4 Diluents

A diluent is used to reduce the concentration ohetive ingredient. For use in thermal analysis the
diluent needs to be chemically and thermally iaed for use in microwave thermal analysis (MWTA),

it must also be unable to couple to microwave energ
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2.4.5 Susceptor/diluent mixes

In previous works [14, 15, 17] the use of sampld anosceptor mixes have been discussed. The
advantage of this type of sample preparation issdmaple is always close to a controlled heating
source (intimate heating/micro furnaces), therefmgeng in removing the problem of thermal mass.
From an analytical point of view the analyte hasvrahanged, with the possibility of giving rise to
depression or elevation of transition temperatunesertain cases. The mixing of a sample with a
diluent to increase volume and reduce the magnitidée reaction is not an uncommon analytical
technique and diluent mixtures of a sample can dend in many other instrumental sample
preparations (Atomic absorption, lon coupled plaskiigh performance liquid chromatography). In
the case of MWTA it may be unavoidable to run a@amvithout it being a diluent mixture, as the

transitions can be too strong to control by anyeothethod.

2.5 Propagation of microwaves in a waveguide

In order to perform effective heating under micrgeaadiation the wave needs to be directly
interacting with the material (load). To increake tikelihood of these interactions a suitable Imomis

(cavity) needs to be installed around the load.

2.5.1 Multi-mode cavities

The medium which houses the microwaves during hgasi called a cavity. There are two widely used
cavities, single mode and the more commonly usetli-mode. The latter is often seen in homes
within a domestic microwave oven. It works by laling microwaves along a short waveguide into
the path of a mode stirrer which reflects wavesaltosides of the cavity. The waves then reflect
randomly off the walls onto the object to be heatksl the cavity is classed as over sized due to it
being much wider than a half a wavelength, the wiaveubjected to evanescent decay. In order to

increase the chances of the entire object intergetith the wave, the object is usually rotated.

Multi-mode cavities in domestic microwave ovensallyuhave simple power controls based on pulse-

width modulation, which have on/off cycles of threler of seconds. The erratic interaction of theavav
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and sample together with the time between switckiyaes does not allow the power to be adjusted

accurately or rapidly enough for thermal analysis.
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Figure 10: Cross section of a multi-mode cavity

2.5.2 Single mode cavities

A single mode cavity forces a dominant wave fornpitopagate, resulting in set points of minima and

maxima being formed which can easily be determimgvavelengths. The advantage of this is that it

allows an object always to be placed in a positbrihe propagating wave’s maximum therefore

allowing it to constantly interact with the wavehi3 approach is more suited for MWTA as it allows

variables arising from the position of the samplghe cavity to be greatly reduced. The commonest

form of the single mode cavity is the waveguide.
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2.5.3 Transmission lines and waveguides

Traditionally when electrical energy was neededdéotransferred, a two-wire transmission line was
used. The nature of electromagnetic waves mearstwawire transmission is not suitable for
transmitting microwave energy. Coaxial lines artdvesuited to this transfer as the field is cortedie
confined by conductors. Waveguides can be thouigas deing large coaxial lines without a conductor
running through the centre. A waveguide can berabau of shapes including rectangular, circular, and
elliptical and made out of a conductive materialawdguides are normally constructed of copper,

brass, silver, aluminium or any metals which hawe bulk resistivity.

Waveguides are the most effective way of trangigrrelectromagnetic energy and have many
advantages. For example, due to the larger sudee® in a waveguide the copper losséR)(lare
greatly reduced. In a coaxial cable the surfaca afg¢he outer conductor within the cable is rekli
large, but the inner cable (which carries the mi@aee energy) surface area is small in comparison.
This inner cable is able to transfer the energydstricting the current to a very small layer oe th

surface of the conductor by a process known askie effect’.

Inner conductor

4— Outer conductor

Dielectric

Figure 11: lllustration of a cross sectional view ba coaxial cable

The extremes of any electromagnetic wave transfedivm are a perfect conductor and a perfect
dielectric. The conductivity () of a perfect conductor is infinite [6], whichimmpossible in practice as

the conduction current (J) could never be infinite.

Equation 15: Ohm's Law
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J= XE

Equation 16: Continuum form of Ohm'’s law [20]

Where: | = Current
V = Voltage
R = Resistance
J = Current density (current per unit area)
= Conductivity
E = Electric field

The opposite case is also unlikely as if E (thetelefield part of the wave) is zero it suggeststtthe
magnetic part (H) and the fully formed wave curréht would also be zero. In this state the wave
cannot propagate as a fully formed wave and thereday current could only exist in the form of a
surface current,sJskin effect), it is this affect that makes thangmission of microwave through

coaxial lines possible.

In a good (to perfect) conductor penetration d€ptf) is less than 1 pm which suggests the wave, as

mentioned earlier, is confined to the surface lafehe conductor or material.

In the other extreme, a perfect dielectric wouldenaonductivity and dielectric losses both equgllin
zero so all the energy would be stored in the waflghe conductor (or material) via dielectric
polarisation. Real dielectrics have a small congitgt which indicates that they possess a small
amount of movement of charge (J).

The amount of dielectric loss can be representetidgielectric conductivity ():

s, =we =we tand

Equation 17: Dielectric conductivity equation
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Dielectric losses can occur in coaxial lines dutirepmsmission due to the insulation between theslin
interacting with the propagating wave causing dieie loss, which in-turn creates heat. This prable
is greatly reduced in waveguides as the dielentedium is air, which has a much lower dielectrgslo

than normal insulation materials.

There are disadvantages to using waveguides; otigahost problematic is their physical size. For

example, a waveguide to be used at 1 MHz woulddena 500 feet wide [6].

Three cases that can occur due to the waveguidendions and are detailed below:

1. The wavelength in free space € 12.2 cm at 2.45 GHz) is less than twice the waftthe
chosen waveguide (cut-off wavelength).

0< ¢

The wave will propagate without attenuation in t@veguide (except for the resistive losses in the
wall) [6, 7].

2. When o = ., the wavelength in the waveguidg)(would become infinite, which in-turn

causes propagation only to occur across the cext®s of the waveguide.

O
--»> T

s N —
.

C

Figure 12: Cross-sections of an incorrectly sizedawity (Z is the direction down the waveguide)

3. When o> ., the wave is said to be evanescent and is subljgztepid decay close to the

source.
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Figure 13: Cross-section of an oversized cavity (i& the direction down the waveguide)

2.5.4 Microwave penetration depth

The power penetration depthy,s defined as the distance from the surface mofgerial at which the
power diminishes to 1/e (=37%) of the surface pg&e}.

If zero reflected energy is assumed, then the p@eaetration depth equation can be rearranged and

calculated for a homogeneous material by the eguati

D, = 1

p 1

w 2mmeye \1+(e'/e) -1 :

Equation 18: Penetration depth equation for a homogneous material [6]

Where 0is 4 x10"Hm™, the permeability of free space

" is the relative permeability of the medium (whishl for non-magnetic materials)
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In reality the materials are rarely homogeneousethee the penetration depth of a real conductor is
defined by:

Where: = attenuation factor

o b 2
a=w% 2 (1+(e;ﬁ/e')2)y2-1 2Np/m

Equation 19: Penetration depth equation [6]

Microwave penetration also decreases with frequd@tyTypically for a 2.45 GHz microwave the
penetration depth is around 2 cm.

2.6 Properties of waveguides

The MWTA instrument uses a WR340 waveguide which standard size to allow for a dominant
TE10 mode (see 2.6.1 Modes of propagation, page 94¢ set up at 2.45 GHz.

Figure 14: Dimensions of a WR340 waveguide [22]
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Due to the size of the waveguide, the cut-off werngth (. = 2a = 17.2 cm) is greater than that of the
wave in free space { = 12.2 cm), resulting in propagation with no attation as in case 1, discussed

earlier (see 2.5.3 Transmission lines and wavegujokge 48).

By enclosing the wave in a waveguide, the wavelemagjta set frequency is dramatically altered. The
extent of the variation can be calculated usingdiiewing equation.

/ — /O/c

K

Equation 20: Wavelength in waveguide where the cutff wavelength is greater than the wavelength in e space
[20]

Where: c=2a
a = horizontal internal measurement of the wavegu@l6 cm for WR340

waveguide).

If this calculation is applied to a WR340 waveguitden the wavelength within the waveguidg) €an
be calculated to be:

P 122cm” 1726cm 210572
PR 17267 -1222 1221
/4 =1724cm

Equation 21: Calculated wavelength in WR340 wavegdi

The correct wavelength of the applied wave wherosed by a waveguide is an important calculation
to be made as it allows the positions of minima arakima to be allocated within the guide. Without
this calculation these positions could be missed tby3 cm and the load therefore not correctlydsée

a wave maximum, causing errors in tuning. Thesedygf instrumental calculation allow set-up to be

made (involving, sample position and device tunagier and crucially more accurate.
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2.6.1 Modes of propagation

The fundamental mode of propagation is definedaasnly the shortest cut-off wavelength.

The designation TE (transverse electric) is givewaves where the electrical component of the wave
is parallel to the “b” axis of the waveguide. TM d&s also exist where it is the magnetic component
which is parallel. Several modes of propagation came under the designation TE therefore
subscripts are given to give the full descriptidrih@ dominant mode. The first subscript descriibes
number of half waves across the “a” axis. The widtha WR340 waveguide is equal to half a
wavelength; therefore it has the first subscripgt The second subscript describes the number éf hal
waves across the “b” axis. As there will be no ®ieal component in the “b” axis (in a WR340
waveguide) the subscript “0” is given. Therefore thll name of the fundamental mode of operation

where . is equal to 2a is T

Figure 15: Diagrams of electrical field distribution for different modes of propagation [20]

The diagram also shows the case of @ Tiode of propagation where there is a half wawbérb axis

of the waveguide, this is the common mode of prapag in circular waveguides.
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Figure 16: Variation of the electric field inside awR340 wave guide operating in a dominant T mode

The diagram above shows the variation in the edaatrfield across the waveguide, it can be seeh tha

in TE;o mode the maximum of the E field is at the cenfréhe waveguide.

2.7 Stationary waves in waveguides

Propagation of waves along a waveguide is mostiefii when the reflected waves are negligible.
When a metal plate closes the end of a wavegurdéexted wave is set-up which superimposes itself
on the incident wave, resulting in a standing walreder these circumstances the minima and maxima
alternate at quarter wavelengths, and are subjetdedonstructive interference increasing the
magnitude of the E field.

As the load is an impedance, it will absorb enesgythe reflected wave will be of lower energy than
the incident wave. The stationary pattern shiftmglthe waveguide depending on the capacitive or
inductive effect of the load, hence changing thseitpmm of maximum and minimum (moving the load
out of a position of the initial tuning), therefdrepedance matching devices such as an iris, lwalbe t
installed in order to correct these changes.
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2.8 Microwave power meter

Figure 17: Picture of the microwave power meter

The power meter is a 130 mm section of WR340 wamdegwith two directional diodes 43 mm apart

(approximately one quarter of a 2.5 GHz wavelenigtha WR340 waveguide). The diodes are

sufficiently within the waveguide to act as antemrand produce a half-wave rectified voltage

proportional to the intensity of the E-field at thiecation. The forward power diode is locatedtisat

it is at an E-field maximum, while the reflectedwss diode is located at a node where, normally, the

E-field is zero as shown in Figure 18.

A

AR
N

Figure 18: Diagram of cross section (across the zia) of the power meter with the reflected probe (Rover a node

and the forward probe (F) over the maximum of the aplied wave.

In a perfect resonance cavity (i.e. one with nalloalosses to the waveguide) the only signal would

come from the forward power diode with a value éagato the applied power. However, with a
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coupling load within the system there would be ahaf phase component caused by refraction and
reflection, therefore the value of the E-field la¢ position of the reflected power diode would leeo

non-zero.

AN
N\

Figure 19: Diagram of cross section (across the xia) of the power meter when the reflected wave (gen line)
returns out of phase.

A

During this research, the power meter was instgbeg 4.5 Installation of a microwave power meter
into the MWTA, page 112) and calibrated but time ot allow for it to be used extensively.
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Chapter 3

Instrumentation

This chapter describes the instrumentation usdatisnproject. The first part focuses on the MWTA
instrument and the theoretical operation of its ponents. The influence these components have on

MWTA experiments is discussed in Chapter 4.
The second part of this chapter gives an overviéwtber instrumentation used including X-Ray

powder diffraction, Scanning electron microscopydulated differential scanning calorimetry and

thermal analysis coupled with evolved gas analysis.

58



Instrumentation

Microwave thermal analysis

3.1 Description of the MWTA instrument

The instrument is composed of seven modules, wdnielshown below.

Automated

four-stub tuner
Sample

Power meter .
section

Adjustable iris

Adjustable
plunge tuner
I~ ] [ ]
(t:
Thermocouple inlet WR340 Waveguide
Coaxial
== 7 c
T D.AC. Water
Sairem  Stable  switch-mode circulator
/ narrow-band 2.45 GHZ generator

Computer
control

Figure 20: lllustration of the MWTA equipment.

3.2 MWTA Instrument components

3.2.1 RF Generator

MWTA utilises a very stable switch-mode narrow-b&w5 GHz generator manufactured by Sairem.
The generator can be controlled manually, by arpimteeter or, as in this case, by a 0-10 V analogue
signal controlled by an analogue-to-digital coneetinked to a computer by a D.A.C serial interface

[14, 16].
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3.2.1.1 Magnetron Operation

(©) (d)

® © ®

@) (b)

Figure 21: (A) Top view of the magnetron tube (B) @ss sectional view of a typical magnetron

A Schematic diagram of a magnetron is shown inféi@1i. It consists of a magnet surrounding the (a)
anode, (b) cathode filament, (c) vane (odd), (aevgeven), (e) strap (connecting even vanes)irdps

(connecting odd vanes) and (g) a resonant cavity.

The anode has vanes which face the cathode, wrechpproximately ¥4 deep allowing resonance at
microwave frequencies. The charges on the tipsdg@cant vanes are opposite polarities. Electrons
emitted from the cathode are rapidly attractecheoanode due to the high positive voltage suppbed
the anode relative to the cathode. The magnetid fidnich is placed perpendicular to the electrons
path causes them to travel in a circular path atdbe cathode.

As the electrons sweep past the cavities openieygitiduce high-frequency microwaves in the cavity,
which in turn causes the electrons to group togeth@n electron cloud. As the cavities are closely
coupled together, microwave power can be removedvaveguide or coaxial line by a coupling loop

in a single cavity.

With a fixed magnet magnetron the current flow ateolled solely by altering the voltage to the
anode.

60



Instrumentation

3.2.2 Sample section

Figure 22: Cross section of the sample section dfe MWTA instrument

Originally the material to be tested was placed suitable sample cell, and inserted through trgela
chokes (diameter 50 mm) directly into the waveguitlee sizes of the large chokes are designed to

prevent microwave leakage (see 2.5 Propagation@bmaves, page 46).

3.2.3 Four stub tuner

Figure 23: Cross section of the MWTA 4 stub tuner

Total efficiency can only be achieved in a singleda cavity if the output from the generator equals
the input of the load (for dielectric heating). #ss is an unlikely situation, some of the applpver

will be reflected back from the sample section.

Stub tuners are used for load matching and to geothe maximum power transfer between the source
and the load. Stub tuners are impedance transferared they are normally made up of one or more
short-circuited, length adjustable tubes (stubsiciwvlare at right angles to the source. The amdwnt t

stub moves into and out of the cavity is determibge computerised version of the Smith chart.
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The Smith chart is a graphical aid to help in sajvproblems in transition lines and matching cisui
The chart is plotted in the plane of the compleftection coefficient and is normally scaled in
normalised impedance. Around its circumferencedeat is scaled in wavelengths and degrees, the
wavelength scales is used to represent the disfameethe generator to the load whereas the degree
scale indicated the angle of the reflection cogdfitat that point.

The Sairem automated four-stub tuner consists dfollow cylindrical rods. Their positions are
constantly altered by using stepper motors to aticéur changes in the dielectric properties of the
sample as it is heated. It is also possible to miynadjust the stubs, allowing them to be fixediset
position. To indicate the position of a pair oflsuthe tuner supplies an optional analogue voltage
signal, although this signal does not possesscseifti resolution to be able to be used as analytica

measurement.

Figure 24: Image of the internal cavity of the fourstub tuner
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3.2.3.1 4-stub tuner theory

It was determined that the 4-stub tuner acts asnd eeflecting device. In the forward direction the

maximum of the wave is deflected off the undersiofathe stubs.

Ve e\ SN

Figure 25: Fundamental diagram of the forward wavepassing through the 4-stub tuner

When the returning wave comes back to the 4 stulertit can return in a number of ways, for
example, if the returning wave node is at the fifane of the first stub, then the stubs can stdgeD,

0 positions and the wave will be reflected.

KX

Figure 26: Fundamental diagram of the returning wa\e reflecting off the first set of stubs

If we say that the previous example is 90 ° oypltdse then if the returning wave is 0 ° or 180t°asu
phase the node will now reflect off the next sestobs, as the faces of the stubs are approximétely
apart, but in order for this to be achieved thst faet of stubs would have to be moved out of thg w

SO as not to cause any type of interference.

XX IO

Figure 27: Fundamental diagram of the returning wae reflecting off the second set of stubs

A problem does occur when the wave is 121 °-170t°0b phase. At these angles the stubs are in the
perfect position for the wave to bounce back up waeguide towards the launch and have no
reflection effect, therefore with the stubs in gmesition the returning wave will still reflect othe
underside of the stubs back to the source, createggructive or constructive interference of the

incidence wave.
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Figure 28: Fundamental diagram of the returning wae when 121 °© — 179 ° out of phase

In general, by moving each set of stubs, a poimefééction can be obtained and the wave sent tiack

the sample in most cases.

L

Figure 29: Fundamental diagram of possible stubs sitions during operation

In reality the wavelength is much longer than th@gchms shown above and so there are certain
positions where the stubs would move to achievieagbn. Also, the reflected wave will not always

come back in the same phase (as it is passingghrthe sample more than once) and so would be
subjected to refractions/deformation again, butegalty a standing wave can always be achieved with

active tuning.

3.2.4 Adjustable short

Figure 30: Cross section of the MWTA adjustable sh

The adjustable short is used to reflect power whenpositioned at a node, thus creating a resocman
cavity. When the plunger moves in and out of tls®nance position the reflected power decreases and
impedance increases. As the short moves far enawgly from the point of resonance (Y.another

node is reached and the reflected power can ineféas
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3.2.5 Iris (Aperture)

T
i

Figure 31: Cross section of the MWTA adjustable irs

The iris is made from a thin copper sheet. Thetapeican be made any shape, but for matching the
resistance to the E-field there needs to be a tmatuor expansion of the iris horizontally acroks t

waveguide.

The adjustable iris has a travelling range of 60,rand the closest it can be physically locatechéo t

sample is at a distance of 70 mm.

3.2.5.1 Iris theory

The iris can be explained by thinking of it as pamtative and inductive device. It acts like aawfor
(for E field) building up charge until the curresdtisfies (equals) the load resistanceg) fRen in effect
creates a path of lower resistance. For exampleryasmall aperture would be a very large capacitor
therefore the applied power that is transmittedH®yiris would have no resistance and would have a
greater heating effect. However, a larger proporobthe wave’s E-field would be used to charge the

capacitor, meaning less current would reach the. loa

An iris can either cause an inductive or capaeiagiffect depending on the dimensions. This is ¢égrm

reactance in electronics. Reactance induces a pslafein the applied wave (in the case of
waveguides). The applied E field can be impededth®y returning waves, reflections and other
impedances. It is inevitable that the returning evawll be some degree out of phase with the indiden
wave at a point along the length of the instrumBgtplacing an iris at a set point along the wavegu

the impedance to the propagating wave can be rddogeshifting the phase between the opposing
waves to a point closer to an in-phase positiora [furely capacitive iris is put in place then the
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maximum will move to a point further away in theeadition of propagation and an inductive iris will

have the opposite effect.

By having a moveable iris (as in MWTA) the iris dam moved to a point where the greatest mismatch
Is present and as such the greatest effect. Iiiyréla iris is cut to a shape so that both indiecand
capacitive properties are present. By positionlmgitis at a point of a node of the propagating eyav

the wave can be shunted with the least destruntteeference, and the greatest effect on the migmat

Capacitive iris Capacitive iris
(Asymmetrical (Symmetrical

— =
£3
L1 -

Inductive iris
(Symmetrical

Inductive iris
(Asymmetrical

Figure 32: Diagrams of effect different iris orientations have on the capacitive and inductive propeigs of the
MWTA

3.2.6 Dummy load

As power passes from the generator to the wavegtdgeevent damage to the magnetron by reflected
waves, it must first pass though the water-coolesulator or “dummy load” via a coaxial cable. The
unit also has a crystal diode that provides a basasurement of the reflected power, which is fed
back to the generator and in turn used to the ebotrmputer through the RS232C interface.

3.2.7 Temperature measurement

Temperature measurements are obtained by usingr@.8iameter ungrounded stainless steel sheathed

type K (chrome alumel) thermocouples (Omega). Ofihevices such as optical pyrometers, gas
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thermometers, IR thermometers and IR fibre-optmbps have been reported in literature to also be
suitable [14-17]. The disadvantages such as expémsted temperature range or only making surface
temperature measurements made them undesirabMWOFA [14]. Thermocouples are inexpensive
and have a very large operating range (0 — 1000Ti&dy also have the added advantage of possessing

a very quick response time (<0.6 s).

The thermocouple itself is inserted into the wavegwia one of the thermocouple inlets on the side
the sample section. This arrangement allows foectlitemperature measurement. As discussed in
Karmazsinet al. [11, 12, 13,] microwave leakage can be reducedodowting the thermocouple
perpendicular to the electric field. On measurenoénihe radiation transmitted outside of the cabyy

thermocouple, it was found to be < 4 mVfcamd therefore negligible.

3.2.7.1 Thermocouple inlet

Thermocouple placement is an important factor iy #rermal analysis instrument. In microwave
thermal analysis there is the added problem oftbtal thermocouples causing cavity perturbation, in
effect disrupting the instrument tuning and effircig as mentioned in 3.2.7 Temperature measurement,
see above. In order to keep the thermocouple &tt®8dhe wave and eliminate leakage [12, 13, 23],
guides were installed in the waveguide which cdedi®of a copper reducing fitting surround by a

copper tube.

— = Cugauze
— = \Waveguide

Cu Tube Thermocouple
housing

Figure 33: Original thermocouple housing
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The thermocouple wire is enclosed in a borosili¢adasing which at its widest end has a width of 9
mm. The internal diameter of the copper tube wasnh® therefore there was some movement in the
enclosure, thus increasing the risk of microwawakdge. The redesigned enclosure still utilised the
copper tube, but it was now directly inserted itite waveguide. Inside the tube a polyethylene mould
was inserted and held in place with a set of gaews. This advancement ensures movement is kept

to a minimum.

After (20/6/06) [ —

B - PTFEtube _; 7___
= = Waveguide M

- 4
5
Thermocouple
Cu Tube Guide housing
screw:

Figure 34: Revised thermocouple enclosure

With the new arrangement radiation transmittedidatsef the cavity by the thermocouple was reduced
from around 4 mV/crito 0 mV/cnf.
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3.2.8 Computer software and control

A

Read temperature from thermocouples
and other signals via ADC

A 4
Yes
Enc Runterminatior
Conditions reached?,

No

A 4
Calculate next temperature -point
( Start )—} depending on selected heating rate

v

Calculate forward power needed
achieve temperature set-point using PID|
alaorithrr

v

Send forward power level to generato
a byte value via RS232C link

v

Update graphical display of forwa
power and temperature

v

Save data to disc in CSV format

v

Wait until remainder of control cycle (2!
ms) has elapsed

Figure 35: Flow diagram of the MWTA operating systen

The heating cycle and data acquisition is contdollg software written using Visual Basic (Microsoft
Visual Basic 4.0). The operating system is a 133N (Dan Technology). The software is designed
to control the forward power applied from the geer, while also displaying real-time power and
temperature traces. Data is stored separately @mdlhd disk in a comma separated variable format

(.CSV) to allow for post-experimental analysis ispgeadsheet such as Origin or Excel.
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3.2.8.1 Analogue-to-digital converter (ADC)

The voltage signal produced by the thermocoupkfsyead by an 8-channel, 16-bit ADC (Strawberry
Tree, DynaRes-8-Ultra). The dynamic ranging anddcainction features allow temperature

measurement to be directly read from the thermdegsi)p Connections are made from the instrument
to the control computer via a screw terminal bokéid via the ADC card to the computer using an ISA

slot.

3.2.8.2 Timing cycle

The software is designed to use a basic timingecgtR50 ms the control cycling and data saving can
be set as multiples of these cycles. A typical gdamvould be the forward power control updating

every cycle, while additions to the saved dataraatitime display being only every four cycles.

3.2.9 Modes of operation

The MWTA is capable of several modes of operatiamnch are detailed below.

3.2.9.1 Constant power MWTA

An applied power level between 0 and 300 W is fiaad the sample is monitored as a function of time
and temperature. The advantage of this mode isdbponses observed from the sample are not
complicated by control changes. This mode can d®yused with samples that interact with

microwave radiation.

3.2.9.2 Constant power MWTA (MWDTA)

Essentially the same as Constant power MWTA, thougthis method the HPB-Cell allows any

sample to be heated even if it is not microwaveapisble. (The HPB cell is detailed in Chapter 5)

70



Instrumentation

3.2.9.3 Linear heating MWTA

The applied power is altered in order to maintalmear pre-set heating rate of sample. The softwar

allows for a number of heating/cooling ramps wgbthermal periods in one experiment.

Heating rates can be difficult to maintain as umldonventional TA methods, when using microwaves
the sample is heated and controlled directly. Ttuaton is complicated more by the possibilitytioé

material rapidly coupling more strongly with thecnawave field [14].

3.2.9.4 Linear heating MWDTA

The method is essentially the same as linear reMMWTA, but using the HPB cell. The advantage of
this mode is the heating rate is controlled oneartially inert susceptor, allowing for easier andreno

stable control. This method allowed repeatablesdifiitial signals to be obtained.

3.2.9.5 Linear Power MWDTA

Linear power MWDTA is a very useful method madegiale by the HPB cell. The mode involves the
microwave power being ramped at a preset rate (e% min' or 3 W min') while the sample
temperature and DTA signal are monitored. As witkdr heating the software allows for a number of

power ramps with iso-power periods in one experimen

Examples of the advantages of this method are:
The heating rate can be controlled by the choiceusteptor, and also the experiment is not
complicated by control factors.
Transitions that might normally by missed in otineodes, for example the liquid to vapour
phase change of free water, becomes more pronouheedo the higher levels of applied

power.
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3.2.10 PID control algorithm for linear heating

For linear heating experiments the MWTA softwaresus feedback loop between the microwave
power and the sample (or reference) temperaturs. f€éadback loop contains an implementation [14-
17] of a simple PID algorithm which is commonly dsg many control applications. The PID
algorithm takes its name from the three main teimscorporates; Proportional, Integral and
Derivative. The algorithm takes as an input théed#nce (called the ‘error’) between the measured
temperature and the desired temperature (called'sitepoint’). Its output is dependent on the
weighting given to each of the three terms and ists1of either a positive or negative value whish i

used to adjust the output from the microwave gdoera

The effect of each of the three terms can be censtbindependently:

3.2.10.1 The Proportional term

The proportional term is the simplest. It produaeglue directly dependent on the magnitude of the

error.
Output=P" e
Equation 22: Equation for the proportional term in the MWTA PID algorithm
Where: P is the proportional weighting factor

e is the error

Generally, the proportional term is the predomin@ontrol component of the algorithm. However, on
its own, there is a tendency to produce a steaatg-sbndition where there is constant offset betwee

the set-point and the temperature.
The behaviour of the algorithm with proportionalyooontrol is shown schematically below. The blue

dots show the temperature set-point increasing tivith for linear heating. The red dots show what th

measured temperature would typically be with a tamsoffset between the two. In the MWTA

72



Instrumentation

software the time between each measurement andasfestment of the microwave power (i.e. the

space between the dots) is approximately 0.25 s.

Response

v

Time

Figure 36: lllustration of how the proportional term alters the sample temperature (red line) to try ad reach the set
point values (blue line) over time.

3.2.10.2 The Integral term

The integral term produces a value dependent orstine of the error over a set time period (the

integral window).

n=1
Output=1 e,

n=IW

Equation 23: Equation for the integral term in the MWTA PID algorithm

Where: | is the integral weighting factor
e is the error

IW is the integral window

Correctly weighted it removes the offset producedtibe proportional term. However, the value
produced by the integral term can become very laggecially if the difference between the set-point
and measured temperature is initially large. Tha: cause an ‘overshoot’ where the measured
temperature exceeds the set-point (possibly foltbwg a, smaller, ‘undershoot’) before complete
control is achieved. The behaviour of the ald¢onitwith proportional and integral terms is shown

schematically overleaf.
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Response

v

Time

Figure 37: lllustration of how the integral term alters the sample temperature (red line) to try and educe the offset
from the set point (blue line) created by the propdional term over time.

3.2.10.3 The Derivative term

The derivative term produces an output dependerithemate of change in the error value over a set
time period (the derivative window). It acts as sbowing’ factor that can reduce any overshoot
produced by the integral term although often atetkyggense of more time being taken for the measured

temperature to reach the set-point.

n=1
Output=D~ (e,-e..)
W

n=D

Equation 24: Equation for the derivative term in the MWTA PID algorithm
Where: | is the derivative weighting factor
e is the error

DW is the derivative window

The behaviour of the algorithm with proportionalteigral and derivative terms is shown schematically

below.
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Response

v

Time

Figure 38: lllustration of how the combined terms dter the sample temperature (red line) to try and educe the
offset and overshoot from the set point (blue linepver time.

Although even simple PID algorithms can producee#iznt results the three weighting terms need to
be tuned very carefully to match the response efdystem being controlled. Incorrect tuning can

produce poor tracking of the set-point or oscitias.

For a system such as an electric furnace, theraystsponse (i.e. the relationship between the power
applied and the furnace temperature) will not cleageatly over a wide temperature range as many
factors (the mass of the furnace, the resistantieeofvindings, etc.) will remain constant. It igtéfore
possible to tune the PID parameters to get goott@oirurthermore, the PID parameters will not need

to be change irrespective of what material is fteatehe furnace.

With MWTA, the situation is more complicated as gewmple itself is the furnace. The relationship
between microwave power and temperature will ndg gary from sample to sample but also within a
sample if it undergoes any changing affecting taim addition, PID algorithms are generally not doo
at responding to rapid changes (as might occur vehgample melts leading to a large increase in,tan
see Chapter 6, page 172). This makes good linedinigadifficult to achieve.

Tuning the PID parameters for every sample wasactmable. However, it was found that for certain
cell types, particularly those with a significanert thermal mass (see Chapter 7, page 196) a&sseyl
of parameters could successfully be used with gearf samples although loss of control could still

occur. When using differential cells (Figure 60ged31) and linear heating, generally the bestitesu
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were obtained when control was on the inert refe¥ewhile the sample temperature was just

monitored.
3.3 X-Ray diffraction (XRD)

3.3.1 Overview of XRD

Since 1912 when Von Laue discovered X-Ray diff@c(iXRD) it has been used to find a great deal of
important information for both scientific researahd industry [25]. Its application to the further

understanding of the physical properties of mefabéymers, and other solids, is the basis of mbst o
what is known about the spacing and arrangemeatashs in their crystals. Recently XRD has been
used to explain the structure of complex naturalcstires in compounds such as vitamins, sterois, a

antibiotics. XRD is the only analytical method than provide both qualitative and quantitative
information about compounds present in a solid $an@ther methods are only capable of identifying

the percentage of ions in the sample [25].

As with other forms of electromagnetic radiatiohe tsample interacts with the E-field of the
electromagnetic wave, these interactions resulbénscattering of the incident rays. When X-rays ar
scatted by a crystalline material, the ordered neatid the crystal gives rise to both constructive a
destructive interference. Because the spacing leetvilee scatting centres is of the same order of

magnitude as the wavelength of an X-ray, it resaldiffraction.

3.3.2 Bragg’s Law

Upon an incident X-ray striking a crystal surfatceaa angle theta |, some of it is scatted by surface
atoms. The unaffected portion then penetrates ghroo the next layer of atoms where, again some of
them are scatted and the remainder continue totpa¢meo the next level of atoms. This pattern of
scattering and penetration continues until the marn distance that X-rays can penetrate that méateria
Is reached.
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Figure 39: Diffraction of X-rays by a crystal with a high degree of order

XRD requires:
The layers of atoms to be spaced, roughly, the shstance as the wavelength of the incident
radiation.
A high degree of order in the distributional spgcof the scattering centres leading to a high

degree of regularity within the crystal.

In 1912 W.L. Bragg treated crystal diffraction ofrXys as in Figure 39. In this case a narrow bebim o
X-rays strikes the crystal as explained beforédifffaction occurs at the atomic centres O, P, Rrite
distance can be said to be:

AP+PC=n/

Where: n is the integer

The crystal will appear to reflect the X-ray, ahd teflected wave will be in phase at pd€D, as:

AP=PC=d sin g

Where:d is the inter-planar distance of atomic centres

Meaning the conditions for constructive interferent a beam of anglecan be written as

n/ =2d sin g

Equation 25: Bragg equation
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It should be noted that reflection only occurs fronystals if the angle of incidence satisfies the

equation:

sin q:M
2d

Any other angle of incidence will result in destiue interference.
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3.3.3 Production of X-rays

In analytical work the most common source of X-resythe X-ray tube.
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Figure 40: Schematic of an X-Ray tube

An X-ray source consists of usually a vacuum tuisédie which is a tungsten filament cathode and an
over sized anode. The anode (usually made of cpppasists of a metal targeting plate on the serfac
or embedded in the metal. Heating of the filamemt acceleration of electrons are controlled by two
different circuits. Electron bombardment is a vegfficient process, as less than 1 % of the eestr
electrical power is converted to radiation; the aérder is dissipated as heat. The off shoot of this

inefficiency is that a water cooler is requirecctm| the anode.
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The instrument used throughout this project wasuk®& AXS D8 X-ray spectrometer. It employed a
copper anode which emits an average wavelengttbdfl® (Cu K- -1 and K- -2, although the K-

2 signal is removed by the software post-run).

To enhance the resolution of the signal, varioits san be used. The slits are located before #ad a

the sample, and are used to limit the area whiainadiated.

The diffraction pattern is plotted against therdittion angle 2

g
?f
€

d

Figure 41: Beam path of a Bragg-Brentano diffractoneter

a) X-ray tube e) Monochromator slit
b) Divergence slit f) Monochromator
c) Rotating sample disk g) Detector slit

d) Anti-scattering slit h) Detector
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3.4 Scanning electron microscopy (SEM)

In most scientific disciplines details of the plogi structure of the surfaces of a solid is of grea
importance. Classically this was done by opticatroscopy, but optical microscopes are limited ® th
wavelength of light due to refraction. The SEM teicue can be used to give information about the
surface at much higher resolutions. To obtain aagthe instrument utilises a raster pattern, iichvh

the electron beam is:

1. Swept over the surface in a straight line (alorgxlaxis of the object),
2. Returned to the starting point,

3. Re-positioned along the y axis by a standard inergm

Steps one to three are repeated until the areaterest has been covered. The signal that is peaduc
by scanning is collected above the sample (in thgig) and stored in the computer to be later @irne

into an image.
During the scanning process several types of sigaa produced by the interaction of the object and

beam of energetic electrons; these include badksedtand secondary. Backscattered and secondary

electrons are the basis of SEM [25].

81



Instrumentation

3.4.1 SEM Instrumentation
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Figure 42: Schematic of an SEM

3.4.1.1 Electron optics

The magnetic condenser and objective lens are tosesgtuce the image to a spot (typically 5 to 200
nm). The condenser’s primary job is to ensure genbreaches the objective lens which is responsible

for the area of the electron beam on the surfatkeobbject.

Scanning is achieved using the two pairs of elesagnetic coils. One pair deflects the beam aloerg th
x axis of the sample, whereas the other pair disfldé® beam along the y axis. By varying the curren
to these magnets (x coils) as a function of tirhe,lieam can be swept across the object in a dtraigh
line. Once the line scan is completed, the beanrnsgtto its starting point by reducing the current
the x colls, current is supplied to the other details (y coils) causing the beam to be deflectiaghtly

along the y axis and current is then returned eaxthoils.
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As this scanning pattern is the same method usenleite an image on a cathode ray tube (CRT)
display, the signal produced at a point and theesponding point on the CRT display have a one-to-

one correlation.

The achievable magnification in SEM is given by ¢ggiation:

Equation 26: Calculation for the obtainable magniftation in SEM

Where: w is the width of the CRT display

w is the width of a single line across the sampl

As W is a fixed value, magnification is achieveddagcreasing w.

3.4.2 Interaction of electron beams with solids

When solids interact with an electron beam theeeaavariety of responses which can occur. For SEM,

two modes are more relevant than the others; sicagtend secondary electron production.

3.4.2.1 Scattering

Scattering of electrons can be either elastic efastic. In an inelastic collision some or all bkt
energy is transferred to the object from the etegtithe energetically excited object then emits

secondary electrons, X-rays and on occasions longeelength photons.
Elastic scattering occurs when electrons collidehilie object, changing its direction but its spesed

virtually unaffected, resulting in the kinetic eggremaining nearly constant. The electron canedefl
off the object at any angle from 0 to 180 °.
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3.4.2.2 Secondary electron production

Secondary electrons are produced from the eledteam interacting with weakly bound electrons in
an object. The interaction results in electronsdpdorce out of their conducting band. Secondary
electrons are produced from a depth of betweeno5800 it is possible to prevent them from
reaching the detector by simply applying a smafjati¥e charge to the housing of the transducer.

3.5 Modulated Differential Scanning Calorimetry

Modulated DSC (MDSC) is used to study the same gdmin materials properties as conventional
DSC [28]. The advantage of MDSC is it provides #&ddal information about the material which is
being tested (which would require several repepesments using conventional methods) in a single

experiment.

One of the advantages of this method is it can theeoperator an increased knowledge of the sample
in its native state. As transition temperatures@aarlap, in a conventional set up to resolve twents
the material would have to be heated above thesitran temperature then cooled and re-heated

(applying a known thermal history), there are mdisadvantages to this kind of experiment :

The sample is no longer in its native state orsde®nd heating.

If several events occur very close to each othergtis the undesirable possibility that the first
transition could run into the onset of the adjadeantsitions reducing the quantitative accuracy
of the experiment.

Other capabilities of MDSC include:

Direct Cp measurement.
Improved resolution of closely occurring and ovppiamg transitions.
Increased sensitivity for subtle transitions.

Separation of reversing and non-reversing tramstio

Although these advanced features are of great séayarnn the field of material testing many of these

features are beyond the scope of this thesis dtileettime restraints in this research.
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In MDSC a rapid heating rate oscillation is appltedhe regular linear heating ramp. The total heat
flow signal information is converted by a Fourigartsform deconvolution process into a reversing and

non-reversing heat flow signal.

As with all TA, heating rates play a large parttie information obtained in an experiment. Faster
heating rates reduce experimental time and increassitivity but reduce resolution as the events ca
become overlapped. Slower heating rates increasduten and extend experimental time but reduce

sensitivity as the events appear broader.

As sensitivity for most reversible transitions epeéndent on the maximum instantaneous heating rate,
by using large modulation amplitude and a relatigiiow underlying heating rate, both instrumental
sensitivity and resolution can be conserved whikntaining a reasonable experimental time. Non
reversing transitions tend to occur at absoluteptatures and as such do not lose sensitivityoadgh

slower heating rates are more desirable in ordenpoove resolution of consecutive transitions.

3.6 Thermal Analysis coupled with evolved gas analis

Although thermal analysis is a very powerful matedharacterisation technique, it is limited by the
fact that neither TGA nor DSC can provide direceroical information on evolved species produced
on heating [26]. TA techniques used on unknown ri@teare generally non-specific, and do not
respond to particular chemical species. Insteagl ghee an indication of a type of undefined theryal
induced event. The addition of evolved gas analgsisld possibly be one of the most powerful
developments in TA [27]. By combining the energymges and/or mass losses in a material, with a

form of gas-phase analyser, provides details omdierial which would be previous inaccessible.

EGA has utilised almost every type of gas deteclbey can either be specific or general detectors.
Specific detectors include hygrometers, non-dispermfrared cells, paramagnetic oxygen detectors,
chemiluminescence sensors, fuel cell-based deviets, These detectors tend to be used for

quantitative analysis [28].

Systems based on multi-gas detectors such as queerumass spectrometry (MS) and Fourier-

transform infrared spectrometry (FTIR) are usuédlyoured. Although FTIR is a general detector it is
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not able to respond to non-polar molecules, theeeffases such as oxygen and nitrogen are not

detected. Mass spectrometry is the quickest masatile means of monitoring all constant gases.

3.6.1 EGA Instrumentation

The conventional EGA instrument used during thieeagch consists of a program controllable furnace,
which contains a closed sample chamber connectadhigh vacuum MS source. To aid flow to the

MS a range of inert and oxidising carrier gaseshmnsed.

Gas detection was performed by a bench top HiddR28Rjuadrupole mass spectrometer.
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Chapter 4

Optimisation and development

This chapter details the effects and optimisatibthe various components of the MWTA instrument
and the modifications and improvements made tcess® its reliability and scope. This chapter also

discusses the implications of using thermal insaataround the sample cell and the impact of
different diluents and susceptors.

The absence of a dedicated data analysis prograantrtigat experimental results were plotted from
raw data in Microsoft excel. The resultant grapbs donstant power MWTA experiments in the
following chapter are presented in a standard foshawn below.

|

(M) Jamod paijddy

Temperature (°C)
\

Time (min)
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4.1 Initial familiarisation with MWTA using carbons

To gain familiarisation with the hardware composenit the instrument as it existed at the starhef t
project and the associated control software, eesesi experiments was performed on a range of

activated carbons.

4.1.1 Activated carbons

Activated carbons have a long history of use agrb@sts and find applications in many areas from
household water filters through to oxygen filtenshospitals and gas masks. Activated carbons are

produced from precursor materials such as coalgwaibresidues and nut shells.

The precursor is carbonised in an inert atmospl&fere being activated either chemically (at
temperatures typically below 200 °C) or physicallging a weakly oxidising atmosphere and
temperatures around 800-1000 °C. This activatiagestcreates the porosity and high surface area
needed for adsorption. Previous workers have niitedmany carbons, but not all, act as susceptors
and are readily heated with microwave energy [Z8]s has suggested that microwave heating may be
an effective means of regenerating spent activedellon filters [30]. MWTA is ideal for studying the
reactivation of spent activated carbons in pargicusolid state transitions and oxidation reactions
general.

4.1.2 Experimental and results

A range of commercial activated carbons were sedddly Dr. E. Dawson of the MCRC (University of
Huddersfield). These are listed in Table 2, pagevich shows their precursor and how they were
activated.

All the experiments used 500 mg samples in a ‘bulell (see Chapter 5, page 117) under an
atmosphere of flowing helium and were subjected tange of constant powers (15 W, 30 W and 45
W) with the temperature of each carbon recordedr &tand 10 minutes. The results from these
experiments are summarised in Table 3 and it isuggmp that there is a considerable variation in the
extent to which different carbons heated.
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It was also noted that certain carbons were mdreiezftly heated on the second and subsequent runs
and it was decided to investigate this effect farthsing carbons 5E, 6E (which were poorly coupling
and 3E, 7E (which were strongly coupling). In epair, one carbon had been activated chemically and
the other physically. The carbons were heated uhdignm to 800 °C in a conventional furnace and
held isothermally for 2 hours to provide a high pemature processing stage. After cooling, they were
heated in the MWTA as detailed above. Table 4 coegpthe temperature reached in the MWTA for
the carbons used as received and subjected tordibepting treatment. It can be seen that the
susceptibility of carbon 3E was reduced by preihgain contrast to the other carbons where it

increased (significantly in the case of carbonsab& 6E).
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Sample name Precursor Activation process
Steam activated, treated to promote adsorptior]
1E Peat specific gases/vapours
Steam activated, treated to promote adsorptior]
2E Wood specific gases/vapours
Steam activated, treated to promote adsorptiol
3E Coal specific gases/vapours
Steam activated, treated to promote adsorptiol
4E Coal specific gases/vapours
5E Wood Phosphoric Acid-Chemical Activation
6E Wood Phosphoric Acid-Chemical Activation
Steam activated, treated to promote adsorptiol
7E Peat specific gases/vapours
8E Wood Phosphoric Acid-Chemical Activation
9E Olive Stone Phosphoric Acid-Chemical Activation
10E Olive Stone Phosphoric Acid-Chemical Activation
Steam activated, treated to promote adsorptiol
ASC2T Bituminous coal specific gases/vapours
Steam activated, treated to promote adsorptiol
BR1 Coconut shell specific gases/vapours
Steam activated, treated to promote adsorptior]
KR1 Coconut shell specific gases/vapours
Steam activated, treated to promote adsorptior]
BPL Bituminous coal specific gases/vapours
Steam activated, treated to promote adsorptiol
209M Bituminous coal specific gases/vapours
Steam activated, treated to promote adsorptiol
URC Bituminous coal specific gases/vapours
Steam activated, treated to promote adsorptior]
ASZMT Bituminous coal specific gases/vapours
Steam activated, treated to promote adsorptior]
AMMONO Bituminous coal specific gases/vapours
Steam activated, treated to promote adsorptior]
ABEKR1 Coconut shell specific gases/vapours
Steam activated, treated to promote adsorptior]
AR1 Coconut shell

specific gases/vapours

Table 2: List of industrial activated carbons suppied by Dr E. Dawson
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Applied power (15 W)

5 minutes

Applied power (30 W)

Appled power (45 W)

10 minutes 5 minutes 10 minutes iritas 10 minutes
Carbon Temperature (°C) Temperature (°q) Temperaturg ({C Temperature (°C) Temperature (°Q Tempergtice
1E 173 178 522 527 670 690
2E 151 151 441 456 671 712
3E 226 236 556 569 802 803
4E 79 85 358 373 550 563
5E 39 40 71 74 104 106
6E 37 38 74 78 130 275
7E 172 138 452 461 664 677
8E 62 65 143 149 229 240
9E 43 48 208 328 558 555
10E 57 66 467 473 566 567
ABEKR1 141 156 487 500 736 746
AR1 143 159 510 523 754 762
ASZMT 170 191 488 505 706 745
ASC-ZT 173 190 465 473 640 641
AMMONOSORB 120 127 488 505 689 681
KR1 154 180 442 456 728 714
BR1 129 414 540 533 728 722
BPL 135 145 460 471 804 802
URC 170 318 463 484 673 662
209M 99 109 449 500 800 776
209M REHEATED - - 552 557 - -

= Known to have been activated at high tempeeatur

= measurement not taken

Table 3: Maximum temperatures reached by activatedarbon in respect to time and applied power
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Applied Power (15 W) Applied Power (30 W) Appkd Power (45 W)
5 minutes 10 minutes 5 minutes 10 minuteq riutes 10 minutes
Temperature
Carbon Name Temperature (°C) Temperature (°C) (°C) Temperature (°C} Temperature (°C) Temperature (°C
3E 226 236 556 569 802 803
3E 185 187 433 430 608 598
°C -41 -49 -123 -139 -194 -205
5E 39 40 71 74 104 106
5E 165 168 475 481 686 736
°C 126 128 404 407 582 630
6E 37 38 74 78 130 275
6E 159 161 418 418 699 620
°C 122 123 344 340 569 345
7E 172 138 452 461 664 677
7E 204 207 523 528 694 709
°C 32 69 71 67 30 32
Max. temperature reached before pre-heating

Table 4: Table showing the difference in maximum teperature between the pre-heated samples and as eteed.
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Overlay of 5E results

800

(b)

700 9

600 4

500 4

@)
o
° Heating Rate (T/min) Sample dependant
% 400 Final Temp (T) Sample dependant
5 Percentage of active sample 100%
2 4 stub tuning status Auto — 5E 15 % power (45 W)
o Sample weight (mg) 1000
300 4 Iris position (mm) 138 —— 5E 15 % power after heating in a conventional
Iris (mm) 43 x22.5 furnace (45 W)
Tuning position (mm) 105
200 Comments Pipette type MWTA
cell

(@)

100 9

Time (min)

Graph 1: The variation of temperature with time for carbon 5E (a) as received and (b) after heating ia
conventional furnace to 800 °C under He.

Graph 1 shows the overlay of temperature profiesérbon 5E (no pre-heating and conventional pre-
heating) produced by a constant power of 45 W whitiphasises the great increase in susceptibility
obtained for this sample. The profiles are typmfahat is observed for constant power experiments
for samples that do not undergo thermally inducextgsses with temperatures levelling off over the
duration of the experiment as the effects of mi@eevheating and heat loss reach equilibrium. The
generally featureless nature of the profiles iscative of a lack of physical or chemical changeshie

material.

Dielectric measurements of the carbons at room ¢eatpre were recorded by the network analyser, to
ascertain if the correlation between high taralues and heating held true in the MWTA. In addito
the heating results dielectric measurements ofirtbeeased coupling pre-heated carbons 5E and 6E

were also performed to determine the changes in (aee Table 5, page 95).
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Samples aveceived, ground/sieved < 125

Freq/GHz N1E N2E N3E N4E NS5E NGE N7E N8E NO9E N 10§
e' 2.45 11.19] 11.31]] 16.5] 10.7]  2.75 2.69 21.35 5.73 3.1 3.2
e" 553 17.41] 24.13 24 0.17 0.13 48.82 0.43 0.3 0.3y
tan 0.4¢ 1.5¢ 1.4¢ 0.2z 0.0¢ 0.0t 2.2¢ 0.0¢ 0.1C 0.1Z
s/Snt 0.7t 2.3€ 3.217 0.3t 0.0z 0.0z 6.61 0.0¢ 0.04 0.0

ASC2T | BR1 KR1 BPL | 209M] URC | ASZMT] AMMONO | ABEKR1 | AR1

e 2.45 19.16] 11.37] 1844 17.9p 1846 132 11}69 14.95 4824, 11.78
e" 20.76] 2.28] 1499 529p 2448 445 2p9 5146 2§.94 49 B
tan 1.08] 0.20] 0.1 2.9 1.3k 033 0.p3 04 118 .30
s/Smt 281 031 2.03 7.1] 33k 04o 0.36 oy4 3192 AT
Preheated to
800 °C
5E 6E
e 2.45 15.67| 14.73
e" 25.94| 24.46
tan 1.66] 1.66
s/Sn 35z| 3.31

Table 5: Summary of dielectric measurements made oactivated carbons performed at room temperature.

It can be seen from Table 3 and Table 5 that tha® a close correlation between the value of tan
and the maximum temperature, with high values f taesulting in higher temperature values being
obtained, there was also a substantial increasigeimecorded values of tan(27.7 fold increase) for

the carbons 5E and 6E after they had been pre¢heate

The cause of this increase in susceptibility irboas after heating was outside the scope of thegiro
but may be due to an increase in short-range evbdeh may enhance the Ohmic heating by increasing
the length or number of conductive pathways. Howetee effect must be relatively small as XRD of
the samples shows no peaks, suggesting that th@esanemain amorphous or the particle size was too
small (See Graph 2, page 96) to be recorded btettmique.

95



Optimisation and development

(e)

(d)

)
@)

Graph 2: Overlay of the diffraction pattern of the carbons, as received 5E (a) and 6E (d) and the pesteating 5E (b)
and 6E (c) compared to Graphite (e).

4.2 Experiments to investigate the effect of susdeps and diluents.

The choice of a suitable susceptor is governedhbyprocess which it is chosen for. In the case of
MWTA the susceptor is required to transfer heah toon-microwave absorbent material, while also
being chemically and thermally inert over a widmperature range; two such materials are discussed

in the following sections.

4.2.1 Susceptor 1: Silicon carbide

Silicon carbide is usually made from reacting silgand and carbon at high temperatures (1600-2500
°C). Pure SIC is a clear, pale yellow or green tatiise material, but as purity decreases the aolou
becomes darker. The alpha-SiC is the most commdrhas a hexagonal crystal structure. The beta
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form is formed at lower temperatures and has a-dacéred cubic crystal structure. There is also a
rhombohedral form which is not very common. Si®@isgly couples with microwave radiation, it is
highly chemically inert and also possesses highnheconductivity. With a melting point of around

2700 °C, it is a reasonable choice for a susceptor.

Two types of SiC were obtained from Sigma-Aldrieh200-450 mesh, and a -400 mesh. The -400
mesh is black in appearance indicating that it apedl. The catalogue also states that the crystal
structure is hexagonal in the -400 mesh. The ZAW-fhesh has black-green coloured crystals
indicating the sample is closer to the appeararicineo pure material. The crystalline shape is not

quoted so it is assumed that it may be a mixtuté@possible forms.

XRD analysis of the 200-450 and -400 mesh sampleSi© showed considerable differences in
crystalline structure as expected, with noticeabfterences at 35° and 57° 2-Theta, in the 200-450
mesh (see Graph 4).

Graph 3: Overlay of the -400 mesh (black line) anthe 250-450 mesh (red line) SiC samples

The -400 mesh had the addition of a different edylirm present, confirmed by the overlay of the

samples and the software library which closely mmadicthe additional peaks to the beta form of SiC.
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Graph 4: Overlay of the -400 mesh (black line) anthe 250-450 mesh (red line) SiC samples comparedtte
software library

The relative difference of the two SiC samples tmpte with microwave energy was tested by
subjecting two equal mass samples to a microwaweepof 30 % (90 W) for 15 minutes. The

temperature profile for these experiments is shmvthe following graph.
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100% SiC constant power 30% SYS5
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500 4

72T I
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2 3004 Heating Rate (T/min) N/A
] Final Temp () N/A
g Percentage of active sample | 100%
= 4 stub tuning status Auto
200 Sample weight (mg) 1000
Iris position (mm) 138
Iris (mm) 25x 15
System 5
Tuning position (mm) 124
100 4 Comments Gas chamber in
place
0 v
0 2 4 6 8 10 12 14

Time (min)

Graph 5: Maximum temperature reached by different gades of SiC at 90 W, constant power

The graph shows that the maximum temperature reaohe¢he -400 mesh SiC was 400 °C while the
200-450 mesh form reached 500 °C. This indicatesirttportance of even small changes in crystal

structure and particle size on the extent a mateoigples with microwave energy.

4.2.2 Susceptor 2: Copper (I) oxide

Copper (II) oxide has a greater dielectric losstlsC and therefore also has the potential to be a
susceptor. However, experiments showed that it tivaisnally unstable above 550 °C when thermal

runaway would often occur; possibly as a result partial breakdown of the Cu(Il)O to Cu(1)O.

The MWTA results clearly showed above 560°C theas & sharp increase in the dielectric loss of the

copper oxide, possibly due to a reduction, furtiradation or another thermally induced event.
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900 50
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700 «
Power Rate (%/min) 0.5
600 1 Final power (W) 60 F -50
. Percentage of active sample 100%
e 4 stub tuning status Auto
o 9009 Sample weight (mg) N/A o
% Ir!s position (mm) 138 b -100 ~
5 Iris (mm) 28 x 15 &
g— 400 9 Reference material CuO e
g Principle T/C Reference
Tuning position (mm) 124
300 4 Comments Silica wool base —samole t " P -150
Copper oxide ref. ample temperature
Reference temperature
200 « — Applied power
—DTA L 500
100 9
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Time (min)
Graph 6: MWDTA of a 100 % Alumina sample using Copper oxide as a susceptor
This transition means that it was not a suitabkesptor for use as a standard full range (ambie@6 1

°C) reference material, although it could be uswdstmples that only need to be heated close to (bu

not exceeding) 300 °C under low power to reduceigheof thermal runaway.

4.2 .3 Diluents

-Alumina (Al,Og3) is transparent to microwave radiation, and idlyighemically inert, it possess a
high melting pointing (around 2000 °C) making it @andeal diluent for MWTA and well suited for
thermal analysis.

The ‘microwave transparent’ nature ofallumina can be seen in Graph 7 showing an attehiptear

heating experiment on a 600 mg sample. Even thtluglipower reached the instrument maximum of
300 W, the temperature of the alumina rose bytless 0.5 °C.
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4.2.4 Investigation of susceptor/diluent mixes
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Graph 7: Graph to show the extent to which 100% almina heats in MWTA experiments
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Mixtures of susceptors and diluents in differerttosawould be expected to produce samples whose

extent of heating with microwave energy could bgusted to suit particular applications. To

investigate this possibility a range ofalumina/SiC mixtures were prepared (0, 1, 10,4%),50, 60,

80 and 100 % by mass). 600 mg samples of each maixtere then heated at a linear rate of 10 °C/min

to 400 °C and the forward power profiles recorddee results of these experiments are shown in Table

6.
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Silicon carbide content in susceptor diluent mix Applied power require for the sample to reach 400C
(%) (W)
0 300 +
1 59.96
10 58.68
20 56.08
40 52.13
50 45.71
60 48.02
80 46.58
100 58.46

Table 6: Required applied power to reach 400 °C & dynamic rate of 10 °C/min for a range of SiC: Almina
mixtures.

The results showed with the mixture containing asceptor, the power rose quickly to its maximum
level as the sample did not heat at all. The anlditf even 1 % (by weight) of the SiC susceptor
allowed the sample to be successfully heated to°@With less than 60 W of microwave power.
Generally, increasing the percentage of SiC susceptiuced the power required to achieve the set
temperature. One exception was the 80 % mixturehvhequired less power than the 100 % SiC to
reach the final temperature. This result is dugnéodifferences in thermal properties between aurex

of two substances with different thermal conduti#g and the pure material, leading to the thermal
insulation properties of alumina reducing the hieas from the SiC/AID; mixture and therefore
requiring less applied power to compensate for libgs. The loss of heating from interfacial

polarisation may also mean a pure sample requicge applied power to heat to the set point.

4.2.5 Insulation

A form of thermal insulation was tested for the M/Tells (see Chapter 5, Figure 57 (g), page 124)

initially. In this case an insulation mat was wragm@round the inside of the cell.
(a) (b)

= Ashing mat
= = | arge volume removable cell

Figure 43: Cross section of (a) the position of th®Ashing” mat in the cell (b) the cell without insulation
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Wrapping the outside would involve using adhesiveci could couple to microwaves, or burn off at
elevated temperatures giving rise to phantom ttiansi. The inclusive insulation reduced the sample
size which was thought would reduce the possibdftthermal runaway. An insulation material called
“Ashing mat” was used.

Upon testing with rubidium nitrate the thermal &aexhibited phantom transitions followed by
instrumental ringing after the transitions, untilréached 230 °C where it caused thermal runaway,
which was not normally observed in rubidium nitrateéhat temperature.

When a sample of Ashing mat was subjected to the dseating program in the DSC it was found that
at around 200 °C a relatively large exothermic éweas observed which was not seen on subsequent
heating, attributed to the possible decompositiba coating on the insulation mat surface. Thisldou
give a large dielectric change caused by the cgajming from a solid film to a liquid film and
subsequently igniting.

4.3 Calibration of MWTA temperatures

In any form of thermal analysis accurate tempeeatneasurement is critical and thus calibratiorhef t
temperature measurement device is essential. Tatupercalibration in thermal analysis is typically
based on the melting of metallic standards suchdaism, lead and tin.

However, in MWTA the interaction of microwaves witletal means they cannot be reliably used. In
addition, the thermocouples used in the MWTA insteat are metal sheathed and, although thin and at
90 ° to the E-field of the microwaves, may themsslstill interact sufficiently to give unreliable

temperature measurement.

In order to calibrate the MWTA, five commonly usedn-metallic thermal analysis standards were
subjected to dynamic heating (10 °C/min) to paseirttransition temperatures (melting or solid-solid
phase change) recorded and plotted against thespamding literature temperatures [31-35] as shown
in Graph 8 and tabulated in Table 7, page 104.

With the exception of sodium chloride and bariunboaate, the measured and literature temperatures
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are within 2 °C of the literature values confirmithg reliability of the temperature measurement and

the absence of interaction between the thermocsgpid the microwave radiation.

900

Barium carbonate810
803

800

3
801
780
Sodium chloride

700 y = 0.9795x + 5.5149
R? = 0.9996

600

581

583 Potassium sulphate

500
400

300 300 )
300 Potassium perchlorate

Instrumental transition temperature (C)

200

128 ) .
100 130 Potassium nitrate

71 . .
72 Stearic acid

0 100 200 300 400 500 600 700 800

Lit transition temperature (C)

Graph 8: Thermocouple calibration within a microwave field

Material Literature Measured Transition
temperature (°C) temperature (°C)

Stearic acid 71 72 Fusion

Potassium nitrate 128 130 Solid phase changd
Potassium perchlorate 300 300 Solid phase changg
Potassium sulphate 581 583 Solid phase changg
Sodium chloride 801 780 Fusion

Barium carbonate 810 803 Fusion

Table 7: Comparison of literature transition temperatures with those measured in the MWTA for a rangeof
standards.
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4.4 Optimisation of tuning components in the MWTA nstrument

The MWTA instrument contains several component$iceti in the tuning of the instrument, i.e.
maximising the power focussed on the sample. A cehenmsive investigation was carried out on the

different components and their optimal arrangement.

4.4.1 Investigation into the effect of iris size ahposition

The iris consists of a thin sheet of copper witteetangular aperture, the size of which can have a
dramatic effect on the extent to which a sampléshefrange of irises with different sized aperture
were prepared and evaluated by monitoring the maxirteady temperature obtained by a 2536 mg
sample of SiC for various constant powers at diffiérdistances from the sample (see Table 8, page
106).

The results showed a clear trend where decredsanditmensions of the aperture produced an increase
in the maximum temperature that could be obtaind@h no iris present, heating was minimal.
Although the smallest iris sizes produced the besting it was found that this was at the expeiise o

stability.
The 23 x 17 and 23 x 12 irises gave rise to in@@dsvels of reflected power and controlled heating

was often lost during an experiment, particulakiyhe sample underwent a large change in tdhwas

found that for most applications the 28 x 15 idgsg the best balance between heating and stability.
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All  values in table
measured in °C Iris position in mm from sample seabn flange
0 100 130 138
30% 60% 30% 60% 30% 60% 30% 60%
Iris size (mm) power power | power | power | power | power | power | power
No iris 65 90 N/A N/A N/A N/A N/A N/A
36 x18 55 83 N/A N/A N/A N/A N/A N/A
34 x 17 62 98 N/A N/A N/A N/A N/A N/A
32x16 58 102 N/A N/A N/A N/A N/A N/A
30x15 59 110 N/A N/A N/A N/A N/A N/A
( sample section, adjustable short, variable @msl launch)
No iris N/A N/A 68 93 71 93 70 93
43 x22.5 N/A N/A 105 158 124 172 230 712
29x 22 N/A N/A 172 255 209 275 235 432
28 x 15 N/A N/A 104 110 148 248 252 537
25x 15 N/A N/A 112 180 138 225 225 8501
23 x17 N/A N/A 112 225 190 450 196 360
23x12 N/A N/A * * 160 370 232 698
Complete system [sample section, adjustable stanigble iris, 4 stub tuner (manual), and launch]
25x 15 N/A N/A 128 200 362 850+ 440 850
29x 22 N/A N/A 140 200 409 850+ 427 850
* = could not be tuned, N/A = not possible to @bthe required distance from the flange usingpiie
Complete system extra waveguide in place to ineré@tance to sample
Iris position in mm from sample section flange
230 260 268
30% 60% 30% 60% 30% 60%
Iris size (mm) power | power | power | power | power | power
25x 15 150 220 * * 72 93

Table 8: Summary of effects of iris size, and distece on the average maximum temperature reached fa sample of

SiC at two constant powers

After the optimum iris size was determined, expents were performed to determine if the effect of
the iris would be altered by greatly increasing dtance between the iris and the sample. This was
achieved by the insertion or removal of a sectibwaveguide between the iris and the sample section

and recording the maximum temperature reached 2538 mg sample of SiC heated with a constant
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power of 15 %. The results are shown in the follaygraph. It can be seen that after a set distance
(around one wavelength) the effect of the iris dishes. Unfortunately due to the design of the
MWTA the critical distance could not be accurate$gertained.

Graph to show how heating is effected by the distan ce between the sample and the iris at 15%
constant power
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Graph 9: Result of distance on effectiveness of thigs

4.4.1.1 Discovery of the size of the ‘*hot zone’

Altering the iris dimensions has an impact on tize &f the ‘hot zone’, the volume where the power
density is greatest. As microwave heating is amelnic process only in parts of the sample section
where there is mass can heating take place. Iangple is outside the hot zone then it will notthea
efficiently or even at all. In order to develop thetrument there needs to be a balance betweesizihe
of the hot zone (which limits the physical sizetleé sample cell) and the power density. Fax paper i
thermally sensitive and blackens on the applicatbheat. As such, it is ideal for investigatingt ho

zones within microwave cavities.

For this experiment 49 mm x 140 mm strips of Fapgoavere cut (the width measurement allowed the
paper to fix exactly across the inside of the samgdction choke). The paper was wetted with
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deionised water to ensure strong coupling. The paps then located in the maximum of the E-field in
the cavity, and a constant power applied for 10h& experiment was repeated several times to obtain
an average size for the hot zone, and then thandspaper changed and the procedure repeated.

4 )

\4

A 4

O |@ —e®

Ambient temperature Lower  temperaturt High  temperatur Post  experimenti
rise (indicating weaker rise (indicating result - darker zone
Kcoupling) strong coupling) deemed as the
maximum  working

‘hot zone’

Figure 44: lllustration of the hot zone experiment

The result indicated that the size of the ‘*hot zam&s proportional to the iris size, i.e. the sraalhe

iris the smaller the hot zone. Visual observatidnttee extent of darkening of the thermal paper
suggested that, the power density increased akaiheone decreased. Moving the positioning of the
iris along the Z-axis of the instrument also aféelcthe size of the hot zone as shown in Table 9.

Iris size (mm) Distance from flange Hot zone sizen)
43 x 22.5 100 mm 25x3.5
25x 15 100 mm 2X2
25x 15 138 mm 4x3.5

Table 9: Summary of the effect of iris to sample ditance on the size of the hot zone

Overall, the series of experiments showed the gizéhe ‘hot zone’ in equivalent iris positions was
directly dependent on the dimensions of the irierae, but that the ‘hot zone’ could be nearly
doubled by moving the iris 138 mm away from the gi@nThe 138 mm position can be calculated to
be 1% wavelengths from the sample which is idegsiming the maximum of the electromagnetic
wave is at the sample and the node is at thepestare)
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/,=1724cn?® 1724mm

g

%/g =43.1mm
At the138mm postion:

Distanceto sampldromiris = 218mm

21 _q1
\ %3.1_14/9

At the100mm postion:
Distanceto sampldromiris =1775 mm

\ 177’%31:1/9

(indicatingthesamplewouldbenearanode)

Equation 27: Calculation of full waves to the loaddependent on iris position

Sampl

I~ .
| e :

<+“—— 138 mn ——» <+«— 100 mn —»

Figure 45: position of the wave in relation to thesample at different iris positions

The above figure indicates that the wave is mdeyito pass the sample at a maximum if the iris is
placed at the 138 mm position. When the iris watheén100 mm position, Equation 27 indicated that
the wave was passing the sample at a node, regulirthere being reduced interaction (some
interaction will still remain due the width of theample) with the applied wave and therefore
diminished heating. Positioning the iris in the ngoplace also increases the possibility of causing
more interference to the applied wave and resultingpme of the applied power inadvertently being
lost in heating the iris, in reflections or subggtto destructive interference.
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= Dominant wave

= Secondary wave

(b)

= Resultant wave of lower
| power caused by

destructive interference
wave

Figure 46: lllustration of (a) Iris positioned over a node (b) positioned over a maximum.

4.4.2 The 4-stub tuner

The 4-stub tuner is an active tuning device usedhittimise the amount of power returning to the
magnetron (and increase power transfer to the sgnigyl providing points of reflection within the
waveguide. The stubs can be either fixed manuallybe allowed to reposition themselves
automatically to minimise reflected power. In th&amatic setting the tuner uses diodes and servo
motors attached to the stubs to move them intooam@f the cavity in order to combat changes in tan

when the sample goes through a transition.

Unfortunately, the speed and inaccuracy of theaesp results in the instrument ‘hunting’ for thetbe
possible position during a change in taand in many cases preventing linear heating todtained.

In the manual mode the stubs can be locked in p@wee a suitable tuning position has been found.
Therefore changes in dielectric losses from thepdardo not alter the stub positions and this makes

tuning over the dynamic range of the instrumeniegds control.

Its usefulness was investigated experimentally lyitoring how the maximum temperature obtained
from a sample at a set power changed with and wittiee tuner in place. The results showed that with
the 4-stub tuner in place (and in manual mode) ratfextive heating could be achieved. This could be
due to the reduction of reflected power that theetiprovides. Examples of the effects of havingdhe

stub tuner in place can be found in the lower pardf Table 8, page 106 and Graph 10.
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SiC constant power 30% (90W) Variable iris 25x15 (t  uning at 91mm, iris 138mm from flange (bulb
cell)

500

450 9 (a)

400 4
350 4 T=182C

300 4

v (D)

250 9

200 9

Temperature (CT)

150 9

— Variable iris 25x15 (tuning at 91mm, iris 138mm from flange, blank waveguide in place)
100 <

— Variable iris 25x15 (tuning at 91mm, iris 138mm from flange, 4 stub tuner in place)

50

Time (min)

Graph 10: Effect of active tuning on the maximum tenperature achieved by SiC at 90 W constant poweraf system
with 4 stub tuner in place (b) with an equidistant section of waveguide in place of 4 stub tuner.
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4.4.3 The adjustable short

This is the simplest of the tuning devices and s®f a movable ‘wall’ at the end of the waveguid
Experiments performed with the adjustable shortfiooed that, generally, optimum heating was
obtained when the short was positioned so as tawa#l ‘standing wave’ to be set-up within the

waveguide, with a maximum in the electric field qgmmnent of the microwave situated at the sample.

If the sample undergoes a significant change in tam heating then it can ‘deform’ the wave in a
manner analogous to refraction with light and reguhe adjustable short to be repositioned to
maintain tuning. However, if the sample is reldtpv@mall (which is not always the case with MWTA)

then this effect can generally be disregarded.

Solid sample

NN TN

Point 0}/v

resonance
_@
Deformation/ \’i
of wave due Sample
to refraction post
transition

Figure 47: Fundamental illustration of how the sampe state can affect the applied wave

In general, the sample size in MWDTA is too smalhave a large effect. In MWTA the sample is of
sufficient size for this effect to be noticeablé¢haugh the additional heating arising from dipolar

polarisation tends to swamp out the change in gunin

4.5 Installation of a microwave power meter into te MWTA

As the MWTA system comprises of modular waveguidegonents there are three possible locations
between the launch section and the adjustable plturger where the power meter could be located. In
order to evaluate its optimum location within thestem, in terms of the least impact on heating

efficiency, a series of experiments was performéth the power meter in various positions labelled
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SYS3 to SYS5 and are shown schematically in Figeeto Figure 52 (SYS1 was the original
configuration with no power meter installed. TheS&varrangement was used for Table 8, page 106,

and was found to be unsuited for microwave heating)

Figure 48: SYS1 — Original system set up (no poweneter in place)
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Figure 49: SYS2 — Simplest arrangement of the MWTA

Figure 50: SYS3-Power meter placed after the 4-stutuner
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Figure 51: SYS4 — Power meter placed after the lawh section

Figure 52: SYS5 — Power meter placed after the sartgsection

With the power meter in each position, a 1000 mga of SiC was subjected to a constant power of
90 W for 10 minutes and the maximum temperaturerded. Each experiment was repeated 5 times

and the temperature averaged. The results are giveable 10 below.
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SYS1 SYS3 SYS 4 SYS S
Average temperature 605 190 552 584
(°C)
n-1 27.6 14.8 2.8 9.9

Table 10: Maximum temperature reached by SiC at 30%power (in °C)

The results indicated that inclusion of the powetenin any position resulted in some loss of power
and hence a reduction in sample temperature andrtbmal configuration showed a large standard
deviation for the recorded results. Overall, theSSYconfiguration had the least impact on heating
efficiency and this was used in all subsequent wbhe SYS4 configuration showed promising results
with a low standard deviation but proved to incesasstability to an extent that made reliable tgnin
difficult.

4.6 Summary of optimisation and development

The effect of the various waveguide tuning compts@h the MWTA system were investigated and
optimised to allow maximum heating efficiency witie least loss in tuning stability. The instruménta
arrangement was also changed to include a forwaddreflective power meter, to allow additional
theoretical information to be obtained during thealgsis of samples. The work with SiC also
emphasised the large impact on tathat the presence of impurities and/or small stmad differences

could have. Information about the percentage afedit/susceptors mixtures was also gathered.

The chapter also included the importance of adtinéng to allow the instrument to run at its optimu
efficiency and the effect pre-treatment of a sanegle have on its ability to couple and therefasgan
(as in the activated carbon samples). Experimenggow the optimal working set-up for the MWTA
were also investigated which yielded interestirgutes on the dimensions of the hot zone and tke iri
Importantly, information was obtained from the tesrgiure calibration of the instrument and the effec

of conventional insulation methods was also obthine
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Chapter 5

Sample cell design

This chapter details the development and validatibmarious types of sample cells, and how these
improved the results obtained by the instrumentinackased its versatility.

The second half of this chapter details the desigthe sample chamber and how the ability to work
under inert gases was obtained and tested.

Once again the absence of a dedicated data analygisam meant that experimental results were
plotted from raw data in Microsoft Excel. The reant graphs for microwave differential thermal

analysis (MWDTA) experiments in the following chegst are presented in a standard format shown
below.
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5.1 Development of new sample cells

5.1.1 Previous cells

Previous work on the MWTA instrument [14-17, 19$ed a wide range of sample cells ranging
from alumina cells coated with graphite, to silglass gas flow cells. An overview of some of the

cell designs are shown below.

(A)

(B)

Figure 53: Overview of previous cell designs (A) Ha assisted type (B) DTA-Type [36]
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Figure 54: MWTA cells used prior to the current project.

The original cells were mainly of the ‘heat assistype where the body of the cell contained
susceptor materials which assisted in the heatirigeosample through conduction (see Figure 53,
page 118). However, these cells often had relgtivaetge thermal masses and were mainly
constructed of alumina ceramics which, althougblstéo high temperatures and chemically inert,
have a low thermal conductivity (18 W'niK™) resulting in a significant temperature lag betwee

the body of the cell and the sample. The cells vadse prone to cracking with prolonged use

because of the different thermal expansions ottmeponent materials used in the design.

Other cells originally used were of a simple quagtass ‘bulb’ design. Smaller volume cells
required that the sample be mixed with a suscdptbeat, while large volume cells could be used
with pure samples but masses in excess of 1000 eng typically required. The main disadvantage
of the bulb cell was it could only be used withaaugling material as there was no other source of
heat available once inside the cavity. Regardléssis the cell performed well although due to its
size and volume there was some dispute in litezaagr to whether the sample was only heating
through conduction from dielectric loss from sangeé walls [18]. An important aim in the project
was therefore to design cells that would be moegilfle, allowing the use of smaller sample
masses and permitting more advanced thermal asabshniques such as DTA and evolved gas
analysis.
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5.1.2 Sample cell material investigation

Silica glass is well-matched for use in MWTA expeents due to its chemical inertness, high
temperature resistance and negligible interactiatih winicrowaves. Fused silica is a difficult
material to manufacture into specific designs duehe high temperature required to mould it.
Therefore, cells designed from this material arpeesive. Other glass types were investigated in
order to determine if a cheaper alternative coudd used with similar beneficial properties.
Borosilicate (Pyrex) is known to have very good rmiwl resistance although it only has a

maximum working temperature of around 500 °C betbezmal fractures start to form.

To determine if borosilicate was more susceptilbblenticrowave radiation than silica, constant
power experiments were performed using 700 mg Gf&&i the sample, in the bulb cell and with a
constant applied power set to 90 W. The resultsvedahat the borosilicate cell produced a higher
sample temperature than the equivalent silicawaller the same conditions (see Graph 11). This
increase in sample temperature is due to the catibm of borosilicate coupling and the
differences in thermal conductivity (Borosilicate1ls14, silica glass = 1.30 W hK™) having a

greater insulating effect.

Borosilicate did couple slightly with microwavesquiring less power to get to the set point,
therefore enabling it to be suitable for qualitativork but not quantitative MWTA experiments, as
the extent of this additional heating was dependenindividual cells. The contribution to the

overall heating was small so it could be usedtieranalysis of low temperature transitions.

100% SiC cell011 constant power 30% (90W) (iris 25x 15, 138mm from flange, tunning at 90mm)

400

Power (W) 90
350 o | Final Temp () N/A

Percentage of active sample 100%

4 stub tuning status Auto

Sample weight (mg) 700 @
300 9 ris position (mm) 138

Iris (mm) 25 x 15

Tuning position (mm) 90 50C
250 4 | Comments Samples are of equal

weight and type

(0)
200 4

Temperature (T)

150 o 100% SiC bulb cell(iris 25x15, 6.3 cm, tuning at 90mm) silica

——100% SiC Bulb cel(iris 25x15, 6.3 cm, tuningat 90mm) Pyrex
100 +

50

Y Y Y Y Y Y Y Y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (min)

Graph 11: Overlay of the maximum temperature reachd by 700 mg of SiC in equivalent conditions in (g
Borosilicate cell (b) a fused quartz cell

120



Sample cell design
5.1.3 Design of sample cells

A number of cell designs were tested both in theetigpment of the MWTA and the MWDTA

cells. Diagrams of a selection are shown below.
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Figure 55: Diagrams of previous cell designs
(a) Pipette type MWTA cell (b) Flow through pipette cell  (c) Largevolume removable cell
(d) Reduced volume removable cell (e) pin cup ¢el (f) Cup type MWDTA cell (g) trident cell
(h) MWDTA sample pan platform (i) powder insulated MWDTA cell (j) thermal contact MWDTA cell
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5.2 Development of the microwave thermal analysist

Original cell development focussed on modificatiafsthe original bulb designs. A range of
designs were produced and tested with the resaltgglused to guide further modifications. The
process is shown schematically in Figure 57. Thewas to produce a sample cell that would have
a minimum perturbation effect on the cavity and@ify the location and removal of samples.
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Figure 56: Diagrams of sample cell. Developments uée shown in Figure 57
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(b) @ | (©)

v

Qn) The HPB cell>

Figure 57: Order of the major developments in thdinal sample cell designs

(a) Bulb cell (b) Cup type route [Pipette type route (d) Cup Stalk
(e) Pin stalk (f) Cone based cup (gptge volume removable cell
(h) reduced volume removable cell (i) Pin cup (ipowder Insulated MWTA cell
(k) Flow through pipette cell () pipette type MVTA
(m) Thermal contact MWDTA cell (n) HPB cell

5.2.1 Pipette type

Pipette type MWTA cells showed interesting resulisf had several drawbacks. Upon testing
thermally decomposing materials the confined opgmnésulted in pressure releases, e.g. vaporised
water forcing the material to move away from gobdrinal contact with the thermocouple. This
caused an increase in the applied power to comfefgaa sudden fall in sample temperature. The
movement of the sample along the neck of the t&il imcreased the possibility of the sample being
deposited in the waveguide. The water condensinlgerupper portion of the cell on occasion was
prone to falling back into the sample causing &urxefike effect. Another disadvantage was the
physical size of the cells. In order for the celbe manufactured, the size of the cell was redgtiv
large (cell volume approximately 2 &nwith a 12 mm gap from the bottom of the cellthe
thermocouple inlet, which set the minimum bed depitithe sample in order to be in thermal
contact with the thermocouple. The samples weneetbee tested on a semi-preparative scale rather

than an analytical one.
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5.2.2 Cup type

To replicate the high throughput capability of resalole cells used in conventional TA, removable
MWTA cells were designed. Each design consisted sémple cup and a receptacle stalk so that
the sample could be placed in the maximum of teklfiTwo different stalks were designed as
shown in Figure 56 (d) and (e). Both showed pramgisiesults when relocating the sample within
the cavity although the full cup arrangement wasentturable. The full cup type stalk also showed
an interesting development limitation. It had ajeé®een believed that silica glass did not interact

with the applied wave making it an idea sample @oidaterial.

During the development of the MWTA cell, transitsowere occurred over a greater temperature
range than seen in the original bulb cell. In ordedetermine if this was a fault of the instrument
which was affecting resolution, an experiment tseske the decomposition of copper oxalate

(detailed further in later sections) and stearid a@s designed.

The experiment simply consisted of placing 500 rhgample into the cell and heating it past the
transition point, for copper oxide (400 °C), foeatic acid (100 °C) at 10 °C/min, then visually
studying the residue before any possible revermsirige transition could take place. Copper oxalate

(green) decomposes to copper oxide (black) in air.

This abrupt colour change made identification @& thsidue relatively easy. The residue showed
two very definite layers with one black bed andobelt a green bed indicating only partial heating
of the sample. What was even more interesting Wwasutreacted bed was the same depth as the
cup on the stalk where the sample was located. Wherexperiment was repeated replacing the
cup with a level platform the entire sample wasngfeal to copper oxide and no layers could be
identified.

Figure 58: Pictures of the copper oxalate residuebserved after heating in the large volume removableell
placed in the cup stalk.
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The experiment was repeated using stearic acietermine if this result was a universal effect or
just selective to copper oxalate. In stearic de&ldbserved transition was a fusion. Stearic aagl h

the appearance of small white opaque flakes, arah upeating through the melt the sample
becomes a transparent colourless liquid. Due titge enthalpy of fusion stearic acid will remain

molten for a period of time which allowed it to lmmoved from the system and studied without the
risk of rapid re-crystallisation. The result showedt once again the lower portion of the sample
cell remained unchanged. The experiment was regp@atbout the sample cup stalk and the results

showed complete fusion of the whole sample.

(@) Molten (b)
stearic acid
4

™~

Solid
stearic acid

Figure 59: Diagram of stearic acid residue after nirowave thermal analysis (a) with sample cup (b) whout
sample cup

It therefore appeared that the addition of an ektram wall of silica in close proximity to the
sample had a large effect on how the sample irtedtagith the applied wave. The results from the
experiments performed on a level platform showe tie whole of the sample was in the hot zone
of the instrument, and other sample cells of différdesigns but same construction material did not
exhibit the same effect, which indicated that thieas glass was not interacting with the wave (in
addition if the silica was exhibiting dielectricsl® then the extra heating effect would cause the
sample to go through the transition) and thereforeinlikely cause of the phenomenon. The exact
cause was not determined during this researchuwgthd is probable that there was an increase in

reflections of the applied wave due to the addibbmore material in the sample cell wall.

5.2.3 Powder insulation MWTA cell

The thermal losses from a microwave cell to theaurding area are substantial. Graph 12 shows
an experiment where 992 mg of SiC was placed ialfa ¢ell, and a constant power of 25 % (75 W)
was applied. Once the sample temperature had réammesquilibrium with its surroundings its

temperature was recorded, the thermocouple wasntmmed at 1 mm increments away from the
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centre position. Following each increment a stetgperature was obtained and recorded. The

experiment was then repeated to obtain an averagach increment. It was also repeated at the

higher power of 50 % (150 W). The result indicatieel need for insulation.

Graph to show the difference in sample temperature

sample a bulb cell (radius 12.5mm) with SiC as the

from the centre to the outside edge of the

sample material
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mixture material N/A
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Graph 12: Constant power 100% SiC thermal gradienttomparison

Although the point of thermal contact would stile bn very close proximity to the sample

(indicating that accuracy would be conserved) sanglx + 1 mm (x = centre of the hot zone)

would give rise to peak broadening due to the teaipee gradient.

The powder insulation cell gave the first real aadion of the effect of surrounding a sample with

another material and the concept of the HPB cellaited in later sections). At this time the powder

insulation cell was still only used for transitioirs microwave absorbent materials and had no

differential capabilities, limiting its versatilitand sensitivity to non-dielectric transitions. The

combination of all the advantages of previous deBigns and the new information obtained from

the powder insulation cell led to developing theBHtll.
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5.3 Development of a microwave differential cell

Conventional differential cell designs where thare two separate pans made from silica were tried
although they showed poor results, most likely thuthe differences in dielectric properties of the

sample before and after a transition compared tnéhreference and indeed the differences in
dielectric properties between the sample itself thiedreference material.

When the Trident cell [see Figure 56 (f)] was tdsae constant power using equal volumes of SiC,

it showed promising results with a very level baseland only a few degrees difference in
temperature (-1.7 °C) between the reference anglsaemperature (see graph below).

Validation of trident cell (cell003) IH0120

140 4
120 9 -* 3
1001 / —— sample thermocouple 12
I ’ Heating Rate (T/min) N/A reference thermocouple
. Final Temp (T) N/A —DTA
9 804 Percentage of active sample 100% +*1
o 4 stub tuning status Auto 8]
3 Sample weight (mg) 1300 -
g Iris position (mm) 138 <
2 Iris (mm) 25x 15 [a)
£ 604 > — <+ 0
] Tuning position (mm) 91
i
Comments
40 4 b -1
v/}
20 9 -* -2
0 g g g g g g g g g -3
0 2 4 6 8 10 12 14 16 18 20

Time (mins)

Graph 13: MWDTA of SiC using trident cell

On linear heating with a sample that underwenteantially induced transition the trace became
very noisy and the transition information was lof§he most likely reason was the sample
environment. Although the two samples were join@ ar centre support they were not equally
covered by the hot zone, which had the effect ofigdly heating the sample and reference. It was
decided that in order for good results to be oleiithe sample and reference needed to be in very
close proximity to each other. The thermal contatt [Figure 57 (j)] was designed to address this

problem. In this design the sample and referencmblers are touching, ensuring that the
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temperature difference between sample and refememeains small (as in heat flux DSC) and both
chambers are in the middle of the hot zone.

MWDTA SiC (both ref +sample) under Argon IH0373 (al | in one cell)

700

<+ 9.5

Heating Rate (T/min) 10
600 < Final Temp (C) 600 Ref. temp
Percentage of active sample 100%
4 stub tuning status Auto
Sample weight (mg) (2500) 2500 &* 75
500 Iris position (mm) 138
Iris (mm) 25x 15
Tuning position (mm) 118 //
System 5 -
o Comments Ar 50ml/min. 7~
Y g S +
° 400 Ref. principle L~ 5.5 )
5 thermocouple
® Ref SiC =
g —— Sample temperature E
g 300 4 Reference tempeature
= —DTA T35

200 9

100 4

0 10 20 30 40 50 60 70

Time (min)

Graph 14: MWDTA of SiC using the thermal contact cd

Linear heating of SiC as both the sample and reéereat 10 °C/min showed (see Graph 14)
promising results, but when a mixture 50 % steacid 50 % SiC was tested the difference in the
samples solid and liquid dielectrics caused a \large deviation in the sample and reference
temperatures which again caused the transitionetmrbe unclear (see Graph 15, page 130).
Another source of the possible loss in accuracybeafound in the field of thermodynamics. As the
cavity surrounding the cell is more than likely hle much colder then the sample cell (due to

volumetric heating) a very large thermal gradieotf the susceptor to the surroundings will be set
up, whatever the cell’'s design.

This differential will be far greater than the heabhk between the sample and the reference
provided by the adjoining wall, such that the syst&ill favour loss to its surround rather than to
the adjacent sample chamber, and in effect corinigpuno heating to the sample. This coupled with
the experiment being controlled on the referencanh¢he sample did not receive the required
power or conductive heat to be able to reach thpaat at the same time as the reference resulting
in the large baseline drift.
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Linear heating 50% stearic acid (DTA type) REF. 100 % SiC IH0321

160 Heating Rate (T/min) 2 10
Final Temp () 150
Percentage of active sample 50%
140 4 stub tuning status Auto
Sample weight (mg) 1400 <0
Iris position (mm) 138
Iris (mm) 28 x 15
120 4 Reference material Sic
Principle T/C Reference
Tuning position (mm) 87 ¥ -10
Comments Under argon
80ml/min

100 4

80 9

Temperature (T)

60 9

40 9

——sample temperature
20 4 Reference temperature
—DTA

0 2 4 6 8 10 12
Time (min)

Graph 15: Linear heating of a 50% mixture of stearc acid and SiC using the thermal contact cell

Due to volumetric heating, MWDTA is able to do sdhiieg which has not been possible
previously. The design of the HPB cell allows tlaenple to be surrounded by the reference at all
times, which has the effect that the sample is ydwa good thermal contact with the reference,
providing a very similar heating environment to #ample and giving a near ideal way of ensuring
the sample heats at a set rate. In arranging thendlis way it once again creates a heat flusety
environment, making the difference in dielectrietvieen the sample and reference insignificant
until a transition takes place that changes tan

The advantage of this is the sample temperature th@dreference temperature remain close,
reducing the thermal gradient and also allowing @ansizes to become much smaller. The
disadvantage arises from samples with significanthapy/dielectric changes, now directly

affecting the reference temperature during a tt@msicausing it to deviate from linearity. During

an event of this kind if the sample temperatureralithe reference the problem is partially
overcome by the differential signal compensatinige Tifference in the two temperatures will be
seen in both traces though more noticeably in énepde, resulting in a deflection in the differehtia

trace but will reduce the quantitative nature @f éxperiment.
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5.3.1 HPB cell

A cell was designed to take advantage of voluméteting and was given the name the Hamilton-
Parkes-Barnes cell (HPB), which was designed taemddsome of problems observed with the

previous cells.

Weight = 12.7 g

Figure 60: Diagram of new MWDTA cell designed for MVTA

The cell itself consisted of a hollow 6 mm tubemung through its centre, with a thermocouple inlet
branching from one side. Surrounding the tubeieasdup was moulded with a thermocouple inlet
branching from the opposite side. The inner tubenéa the sample section of the cell and was
capable of containing sample sizes from 1 — 2500A8gt was hollow it was able to accommodate
carrier gas flow as well as blanket gas. The ochamber formed the reference portion of the cell.

The sample section was plugged with a small amo@rsilica wool just below the base of the

reference cup (outside the hot zone to reduce dlsilply of it coupling at elevated temperatures).
Above the wool the tube was filled with alumina (@his referred to in this thesis as the alumina
bed) to just below the thermocouple inlet. The dennas then placed level with the thermocouple
inlet ensuring that measurements were made inteosexf pure analyte. In some cased to increase

thermal contact in materials with low density ogafious fusions, alumina was added above the
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sample in order to restrict sample movement duam@xperiment. If this type of arrangement was

used it was referred to as an alumina sandwichKgpee 61).

(@) (b)

Thermocouple

- Sample —
[ chambeT/
— ReferenV

chamber

Sample

Alpha- alumina
Glass wool

Figure 61: Diagram of the internal packing of the HPB cell (a) alumina bed arrangement (b) alumina saiwich
arrangement

The design of a microwave thermal analysis expartméas many obstacles, the first being the
material which the cell is made from. In convengéibthermal analysis metal pans are used as they
provide excellent thermal conductivity and therefaid the conduction of heat from the furnace
walls to the sample reducing thermal gradients.alrmicrowave cavity, the high electrical
conductivity of metals could cause the wave nqirtipagate and instead be reduced to a skin effect
preventing the creation of a standing wave anceaming the risk of forming an electrical arc. The
problem is increased by the nature of MWTA. Materigsted in the instrument are subjected to
volumetric heating and therefore only materialscepsible to microwaves will heat. Silica glass is
highly temperature resistant (continuous workimggerature of 1000 °C), chemically resistant and
not thermally susceptible to microwave radiatioheTcombination of these properties makes it an
ideal material to manufacture MWTA cells. Howevéne factor which prevents MWDTA
experiments to be directly comparable to heat BSC is the low thermal conductivity of silica of
around 1.3 W m K™ compared to a metal such as aluminium (237 WKit). This insulation
effect is in fact an advantage in MWTA. There ogsibility of a large thermal gradient existing in

a microwave experiment due only to the sample hgaind its surroundings remaining at ambient
temperature, causing a large heat flow away froenstample. Hypothetically volumetric heating
has the potential to cause a reversal in the diredf the thermal gradient during an experiment,

due to a sample having a low tarat low temperatures and therefore behaving asaadnek (the
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conventional heating model). After a positive chemg dielectric properties which dramatically
increases tan the sample no longer acts as a sink but becomssuece, as it now remains

constantly hotter than the reference.

‘Q’ ‘6’
AV B v

(@) (b)

Figure 62: Schematic cross-section of the HPB calhowing heat flows for samples where (a) Referenbas a
greater tan than the sample (b) the sample has a greater tanthan the reference. A: Reference, B: Sample

This is not usually a problem in a conventionahfge as the area surrounding the sample will be at
the same temperature (usually slightly hotter) tktize sample being measured. In MWTA the
sample needs to be insulated which is a complidatddas most insulation materials are either hard
to manufacture e.g. aerogels or are susceptibiei¢ccowaves. MWTA has the ability to insulate
samples via ‘passive or active insulation’. Pasangeilation refers to a chemically and thermally
inert powder which has no or very little dielectioss when subjected to microwaves but also high
thermal resistance. Active insulation is of gredvamtage in MWTA experiments. By adding a
susceptor to the reference side of the HPB celtavides the reference temperature for DTA type
experiments, allowing the overall heating rate ¢dibear. It also provides insulation as the sample
temperature will not be greater than the referefudil a significant dielectric change in the
sample, or if the sample under investigation coaipte microwaves as well as or better than the
reference) therefore creating an inward thermatligra towards the sample from all sides. This
arrangement in effect never allows the sample tolieof good thermal contact with the reference
(an ideal heat-flux arrangement). The problem & ¢ool exterior wall of the sample is now

transferred to the exterior wall of the reference.

This problem can be partially resolved once aggiwdiumetric heating. As long as the reference
thermocouple is in the centre of the referenceangh completely surrounded by susceptor then in
effect the reference will insulate itself. The windlody of the reference is heated at the same rate,
assuming it remains in the ‘hot zone’ (area of maxn E-field) of the cavity, therefore a relatively
large area around the thermocouple will be at #mestemperature during heating, and so actively
insulating itself. The use of silica glass alsgkeb reduce the loss from the outside wall duésto
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low thermal conductivity, the insulation effect calso be increased by using a carrier gas with a
low thermal conductivity such as argon or air. Smalumes of powder can be used to insulate the
cell for materials that couple with microwaves hyrreunding the sample with a microwave
transparent material with a low thermal conduggivstich as alumina. In order to determine the
effect of powder passive insulation a series ofeexpents were performed at constant power. The
constant power experiment consisted of applyin§\606f power to a known mass of SiC (370 mg)
surrounded by different insulation materials formdhutes then reducing the power to 0 W and

monitoring the cooling curve for a further 16 miesit

Constant power 20% (60W) 100% SiC insulated with va  rious refractory materials

400

Heating Rate (C/min) N/A

Final Temp (C) N/A
350 4 Percentage of active sample 100%

4 stub tuning status Auto

Sample weight (mg) 370

Iris position (mm) 138

Iris (mm) 28 x 15
300 - Cell 029

Reference material See legend

Principle T/C Sample

Tuning position (mm) 122.5
250 4 Comments

200 1

—— Sample temperature (Glass spheres)
Sample temperature (Air)
Sample temperature (Alumina)
—— Sample temperature (Zirconium Oxide)
—— Sample temperature (Boron Carbide)
—— Sample temperature (Silicon carbide)
Sample temperature (Zirconium Silicate)

Temperature (T)

150 4

100 4

S iy, =SSR SELCLY

0 2 4 6 8 10 12 14 16 18 20

Time (min)

Graph 16: Overlay of cooling curves obtained by dftrent insulation materials

It can be seen from Graph 16 the time taken forsdu@ple to return to 50 °C varies with the

different insulation powders, with SiC exhibitinget greatest insulation properties but also the
maximum temperature reached. The active insulatadare of SiC means it is not comparable with
the other insulation types. The most promising ipasssulation was shown to be zirconium

silicate. Although it did not reach the elevatethperature of the next best insulator it did show
better insulating properties.
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In order to determine if the cell is suitable t@ s a differential cell, the difference betweea th
sample and reference must be as small as possibfegcheating until a transition takes place. By
filling the sample section with an inert substamgth no microwave activity (alumina) and the
reference section with a susceptor, the amouns#neple temperature lags behind the reference
will give an indication of how big the differentialgnal will be for the extreme of a sample which
does not interact with microwave radiation at @he results of such a test showed that there was
minimal difference between the sample and referddepending on heating rate) until around
500°C.

MWDTA 100% Alumina IH0544

900 40

800 4

700 4

600 9

Heating Rate (C/min)

10

Final Temp ()

800

Percentage of active sample

100%

4 stub tuning status

Auto

Sample weight (mg)

n/a

Iris position (mm)

138

—— Sample temperature

Reference temperature
—— Applied power
—DTA

b 35

Iris (mm)

28 x 15

Reference material

SiC

Principle T/C

Reference

Tuning position (mm)

122

Comments

Alumina sandwich

500 < Silica wool base +20 O

400 9

Temperature (°C)

300 4

200 4

100 4

0 10 20 30 40 50 60 70 80
Time (min)

Graph 17: MWDTA with SiC as reference and 100% almina as sample

To determine what thermal gradient existed betwbensample and the reference when using the
HPB cell, an experiment was devised to monitorrttaximum differential temperature reached at
different heating rates. It consisted of using aharas the sample and SiC as the reference. The
samples were then subjected to a linear heatingrgmo under different atmospheric conditions to
700 °C. The maximum differential temperature obsdrever the run was recorded and compared
as shown in Table 11 below, (a — sign indicatesrdference temperature was hotter than the
sample temperature).
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Heating rate (°C/min) Maximum differential Maximum differential Maximum differential
temperature in static air temperature in Helium temperature in Argon
( °C) ( °C) ()
200 -52 8 12
150 -36 17 26
100 -20 27 44
75 -15 28 48
50 -11.5 24 33
25 -6.5 24 38
20 -7 24 38
15 -6.1 23 40
10 -55 -15 38
-4.3 -14 34
2 -1.5 6 22

Table 11: Indication of the maximum differential temperature reached for an alumina sample heated ire HPB
cell

By utilising volumetric heating the thermal lag exienced by conventional furnaces is
dramatically reduced allowing the possibility ohamced sensitivity due to the similar environment
of the sample and the reference. The results dlewed in air the heat losses from the sample
meant the reference was always hotter than thelsamgardless of heating rate. The high thermal
conductivity of helium gas had the effect of redgcthe thermal gradient between the sample and
reference at certain heating rates, with the mbsgioois advantage being at high heating rates. The
use of the insulation properties of argon resulitedhe sample always being hotter than the
reference, it is thought that the explanation is tlu the carrier gas reducing heat losses to the

surroundings from the reference.

The question then arises that the instrument ngdorheats by microwaves but acts like a
conventional furnace and heats by conduction paiveyemicrowaves [18]. In order to address this
guestion a material with a significant dielectritange was placed in the sample section and tested.
If there was no microwave interaction with the smhen the results would show a change of
enthalpy and the temperature will return to a valose to the reference temperature. If there is an
interaction then the change in dielectric propsni®uld cause the sample to heat far better than th
reference and remain elevated, unlike in conveatiomethods. Rubidium nitrate was used as its
first transition has a low dielectric change wherehe other two transitions have significant
changes in tan. To show that this deviation in temperatures ismerely due to changes in heat
capacity a DSC experiment was performed on the kanijpe results showed that there was no
significant change in baseline before and aftemsiteons before the Il-I phase change indicating

little or no change in heat capacity.
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In a conventional system the same mass of samplerefarence is needed so that similar heat
capacities exist in the sample and reference, adihdghis is an approximation as changes in heat
capacity occur when a transition takes place irstraple that will not be mirrored in the reference.

The dimensions of the HPB cell mean the refereheenber is 10 times bigger in volume than the

sample chamber, as calculated below:

Volume containedby outerclinder= Volume of outerclinder- (Volume containedby inner clinder- thinknessof walls)
Vol = r?h

h=10mm 1cm

r,=2mm 0.2cm (internal volume)

Mgncway = 3MM  0.3cm (total internal volume)
r,=7mm 0.7cm (externalvolume minus outer wall)
(a)Externavolume= 0.7%" 1=1.54cm

(b)interna volumeinc wall= 0.3 1=0.283cni
correctedexternalvolume= (a)- (b) =1.257cni
internal volume= 0.2°" 1=0.125cn

Ratio 10:1,referencesample

Equation 28: Calculation of the sample to referenceatio of the HPB cell

The mismatch in heat capacities due to size casalaketo be negligible as the instrument primarily
monitors the dielectric changes which are signifibagreater than heat capacity changes, although
enthalpy changes can be monitored. Therefore tlative ratio of sample to reference is not

thought to be a disadvantage.

It was finally concluded that the HPB cell outpenfied all of the previous cells. Its ability to
produce both, enthalpy and dielectric data plusatheantage of close to ideal heat flux arrangement

ensured it was both versatile and functional facrowave differential thermal analysis.

5.3.2 Correlation between DSC pan types when usirtige HPB cell

In order to further understand how the HPB celldw&s in relation to a conventional DSC pan, the
dehydration of calcium sulphate dihydrate (Ca28,0) was performed using conventional
methods in an open pan environment and then rapaéatan encapsulated pin-hole pan. Upon

heating the decomposition of Ca$SZH,0 proceeds via two stages:-
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CaSQ.2H,0 ® Casq% H,0 +1% H,0

CaSQ% H,0® CaSQ +% H,0

Equation 29: Thermal decomposition of calcium sulphte dihydrate

Experimental data (Graph 18 and Graph 19) showsiriren open pan the dehydration occurs in a
single broad step. When the sample is placed ifmnahpled pan the increase in water vapour
pressure causes the two stages of the dehydratisecome more resolved due to the build up of an
atmosphere of product gas above the sample, elipenighe cases where there is no carrier gas

through the cell.

3.62 mg Calcium sulfate dihydrate

122<C (0.s)

DSC/mw
&

-10

140C (pk)

-12
75 95 115 135 155 175 195

Temperature (T)

Graph 18: Dehydration of calcium sulphate dihydratein an open DSC pan
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3.62 mg Calcium sulfate dihydrate

135C (0.5) 160T (0-s)

184C (pk)

-10 4

DSC/mwW

-15

-20

-25
148C (pk)

-30

90 110 130 150 170 190 210
Temperature (T)

Graph 19: Dehydration of calcium sulphate dihydratein a pin-hole DSC pan

The DSC experiment shows a distinct difference betwthe two pan types. The comparable
MWDTA experiment consisted of heating 30 mg calcisoiphate dihydrate (Gypsum) at 10
°C/min to 250 °C, in static air. The HPB cell istmmcapsulated and was thought to act more like
an open pan type arrangement, upon testing theriemgrg showed that the two events were very
well resolved (see Graph 20, page 140).
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MWDTA 100% Gypsum IH0848

300 6
AT % —— Sample temperature
Percentage of active sample | 100%
4 stub tuning status Manual Reference temperature
Sample weight (mg) 30 L 3 4
s position (mm) 138 —DTA
Iris (mm) 28x15
250 o Cell HPB
mixture material A
Principle T/C Reference L 2
Tuning position (mm) 1205
Comments Argon 105%
chamber
S le flow 0%
et 125C (0.5) 164C (0.5)
200 r M 3 0
g
o r2 0
2 1504 >
] =
Q b -
£ 40
(3]
2
100 4 P -6
178 (pk)
b -8
50 <
138C (pk) T 0
0 T T T T T T T T -12
5 7 9 11 13 15 17 19 21
Time (min)

Graph 20: MWDTA dehydration of calcium sulphate dihydrate in a HPB cell with no gases flowing througtihe
sample section.

A further comparison was made using a Stanton-Réidbrgh temperature DSC (HDSC) which
uses 6 mm diameter, 20 mm height, quartz crucivldsut lids and is therefore more comparable
in construction with the HPB cell.

10
130<C (0.s)
0 A \

E -10 -
9 185C (pk)
A -20 4

-30 1 153 (pk)

_40 v v v

50 100 150 200 250

TEMPERATURE / C

Graph 21: HDSC dehydration of calcium sulphate dihgrate in a 6 mm open quartz crucible under Argon.
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Graph 21 shows an experiment using the HDSC om@lsaof gypsum but using an atmosphere of
argon. The resolution of the two peaks is bettantthe open DSC pan (Graph 18) but poorer than
the pinhole DSC pan experiment (Graph 19). Thehtedf the cell allows formation of a higher
partial pressure of product gas, in a similar mana¢he HPB cell in the MWTA, which results in

the better resolution.

5.4 Design of a sample chamber to allow the useablanket gas

The option of being able to operate under an iaémosphere is a great advantage in thermal
analysis, as it reduces unwanted side reactionnscthad otherwise be observed, e.g. oxidation of
the sample at high temperatures. It was therefecgddd to develop a cylindrical sample chamber

that would fit into the waveguide and surround B and other cells.

Pump

A

HPB Cell
Standard /
chamber lid T /
/ Reference
\ Thermocouple
N ™~
Sample — Silica
Thermocouple wool
Sample
Chamber

Blanket Gas
in

Figure 63: Diagram of MWTA sample chamber
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The design of the sample chamber is shown in Fig8rdhe chamber is of cylindrical design with
an open port at the top for operator interactianirie with the waveguide thermocouple ports, two
2 mm holes were drilled exactly 180 ° apart. The ¢b the chamber was sealed with a sampling
hood which was used primarily to remove unwantegassibly toxic generated vapours from the
sample section so the chamber was safe after theriment was completed. It was found to be
essential for the chamber itself to be kept cleaarder for residues not to affect the tuning @& th

instrument.

The hood was attached to a vacuum diaphragm puanpwa Dreschel bottles containing a base (5

M solution of NaOH) in one and water in the othetrap any noxious/acidic gases evolved.

The base of the upper portion of the chamber wakdevith high vacuum grease to prevent air
being drawn into the chamber or gases being Idst. [dwer portion of the chamber consisted of a
cylinder the same dimensions as the upper. 4 mm fh@ external wall a 6 mm silica tube ran from

the upper portion through the length of the lowsd additionally 10 mm past the base of chamber.
The lower chamber is used for support of the ughamber and to reduce the dead volume of the

sample area.

An additional benefit of using a sample chamber waprovide protection for the waveguide. A
number of gaseous products can be evolved durithgranal analysis experiment. Many of these
products are (1) corrosive or (2) are likely to dense inside the waveguide. Both situations are

undesirable as in the case of:

1. The corrosive material could attack the brass coasbn of the waveguide giving rise to
uneven surfaces and increasing the likelihood fiéeons, reducing efficiency.

2. The condensation of any material with a significamtd (i.e. water) within the waveguide
could cause localise heating, which in turn cowdchdge the waveguide reducing its life and
also distort the E-field within the cavity affedjituning.

The added advantage of creating an enclosed saangéeallowed the study of materials under
controllable atmospheres. As with the sample ta#l,construction material of the chamber needed
careful consideration. It was eventually decideat tftne minimal microwave interaction of silica

glass was sufficient to outweigh the additionalt@dsmanufacture compared to borosilicate.
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Evaluation experiments demonstrated that, apam fiequiring a slight alteration of the adjustable

short, the chamber had no other effect on theunsnt operation.

To demonstrate the efficiency of the sample chambexcluding air, a series of experiments were
performed using copper oxalate following the metiogy of Mullenset al. [37]. The experiment
consisted of heating a sample of copper oxalaterate of 10 °C/min to 600°C under an inert gas
flowing at 50 ml/min through the sample chambed aomparing with a similar experiment but

using static air.

According to Lamprechet al. [38], copper oxalate (green-blue) decomposes wia different
routes, as shown in Equation 30, depending on tesepce of oxygen. In the absence of oxygen
route (a) is favoured with the formation of coppeetal (red). In the presence of oxygen the
decomposition results in copper oxide (black).

(@) CuC,0,(s) %%® Cu(s) +2CO,(9);
(b) CUQO4 (S) 3/ Cuqs) + CO(g) + Cog(g)

Equation 30: Competitive reactions for the decompaton of copper oxalate

These colour changes were of great advantage ilnagey the sample chamber as they gave a
quick indication of which reaction was favoured addlitionally if there was any residue of copper

oxalate.
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60
50 - —— Under static air
—— Under Argon
40
30 -
£ 285 00
g 20 4 277C (pk)
O 10 4 253 (0.5.)
0 4 273<T (0.s) (@)
-10 =
_20 | ] v v v v v
50 100 150 200 250 300 350 400

TEMPERATURE /C

Graph 22: DSC overlays of the decomposition of cogp oxalate in (a) Argon atmosphere (b) under air

Graph 22 shows the results of two HDSC experiment®5 mg samples of copper oxalate in 6 mm
qguartz crucibles using atmospheres of static air amgon. The complex peak observed for the
decomposition under static air arises from the tamtthl exothermic oxidation of copper to copper
oxide and CO to C® The decomposition under argon produces a sintglee as these additional
oxidation steps are absent.
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MWDTA 100% Copper oxalate overlay

140

Heating Rate (T/min) 10

120 4

Final Temp () 400
Percentage of active sample 100% M
4 stub tuning status Manual
Sample weight (mg) 20
100 9 Iris position (mm) 138

Iris (mm) 28x 15
Cell HPB
Reference material SiC

o 80 1 Principle T/C Sample —Under air
Tuning position (mm) 120.5

< Comments 0,:Ar (20:80) — Under Argon

& 33 mimin™

60 4 Ar 33 ml min™
Alumina sandwich

271C

0 5 10 15 20 25 30

Time (min)

Graph 23: MWDTA overlays of decomposition of Copperoxalate in (a) Argon atmosphere (b) under air

Graph 23 shows the comparable experiments busintilithe HPB cell and sample chamber. Again,
the profile for the experiment under air is moranptex because of the additional oxidation

processes. The results also show a close cormelafiche onset temperatures (0.s) with those
obtained with the HDSC for both argon and air afpheses. An examination of the colour of the

product suggested that no black CuO was formed vangan was used as a blanket gas in the
sample chamber, i.e. it successfully excludedTarconfirm the visual observations, the products
were analysed using XRD (see Graph 24 and Graphp@8e 146). Standard samples of the
products were used to assign the peaks observedpfésent of SiC in the trace is due to

unavoidable carryover of the reference materiahftbe HPB cell when the sample was transferred
to the XRD sample holder).
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Graph 24: XRD pattern of the copper oxalate residuafter decomposition under air

Graph 25: XRD pattern of copper oxalate residue a#r decomposition under argon
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The results showed that in air there was evidehat dopper oxide was formed (at 39 © 2-Theta)
and some copper metal (at 43 © and 50 ° 2-thethpnwhe sample was heated under argon the
copper oxide peaks were absent and the copper pesils increased in size in relation to the other

peaks present.

The large volume of the sample chamber meant kieathtere was a purge time for the chamber to
become fully saturated with the chosen atmosphiéris. time was calculated (assuming no losses

and a flow rate of 80 ml/min) using the followinguations:-

Volume= or’h
Volume=p (2.3*10=166cnT
Chambewolume 166 cn?

= = 2.075 min.
Flow rate 80 cnPmin™*t

Purgetime =

Equation 31: Calculation of the purge time of the MWTA sample chamber

The calculated two minutes became the standardilequm time before any experiment using the

chamber.

5.4.1 Effect of carrier and blanket gases using thdPB cell and sample chamber

The effect of carrier and blanket gas on the regoiwf the dehydration of gypsum observed using
the HPB cell with sample chamber was investigaled gases were studied: helium which has a
density less than air and argon which has a degs#ater than air. In these experiments the gases

were passed through the sample cell (carrier gaslaed as the blanket gas.

Graph 26 and Graph 27 show the dehydration expatsnender helium and argon, respectively.
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300 2
126<C (0.s)
A\
250 <
Heating Rate (TC/min) 10
Final Temp () 250
Percentage of active sample 100
4 stub tuning status Manual -* -2
Sample weight (mg) 30
200 4 Iris position (mm) 138
Iris (mm) 28x15
—~ Cell HPB
8 mixture material n/a 146C (0.5) -* -4
Py Principle T/C reference o
S Reference material Sic
% 150 4 Tuning position (mm) 1205 <
o Comments He 105 ml/min =
=3 He 11 ml/min + 6 o
g sample h
[ Alumina bed
100 4 149C (pk)
P ]
—— Sample temperature
501 Reference temperature b .19
—DTA
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Graph 26: MWDTA dehydration of calcium sulphate dihydrate in a HPB cell under helium (blanket gas floving
through sample section)
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Graph 27: MWDTA dehydration of calcium sulphate dihydrate in a HPB cell under Argon (blanket gas flowng
through sample section)

In both these microwave experiments the onset teastyres were in good agreement with each

other. However, it can be seen that a greaterutisnlwas obtained with the argon atmosphere.
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This probably is due to the greater density of argeaking it more efficient in sweeping the
evolved water vapour away from the sample tharigiier helium (or static air) thus reducing the

partial pressure in the vicinity of the sample.

These results show that by altering the flow ofdagier gas the HPB cell could be made to behave

like either an open or pinhole DSC pan.

5.5 The removable crucible HPB cell (RCHPB)

As mentioned in previous sections, locating thertfeeouple within the sample causes it to act as a
heat source (or sink) and thermal impedance. Inceikedesigns mentioned in this chapter the
sample temperature measurement was recorded tgrtbegrmocouple situated within the analyte,
as the problem of thermal impedance was thoughietgreatly reduced (or eliminated) due to
volumetric heating. The sample temperature as deniBaassumed to be uniform. The addition of
an indirect measurement arrangement had the adyetaat:-

The sample could be easily placed in a reprodugobgstion,

The thermocouple was less likely to become contatathwith previous sample residues,

The reference now remained at a constant masgfohereducing the errors from different

volumes of susceptor heating to different extents,

The removable crucibles could accommodate analygizad samples (1 — 100 mg).

In order to determine if the Boersma indirect tygpsengement [5] could be utilised in MWTA an

adaptation of the HPB cell was designed and tested.
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<+—— Removable 20 x 6 mm crucibles——»

(@) l (b)

Thermocouple

SiC (2300 mg)

Alpha- alumina
Glass wool

Figure 64: lllustration of (a) the RCHPB cell arrangement (b) enlargement of the cell packing in RCHPB

The main difference from the HPB design was thertyexs were 2 mm larger (in diameter) in this
design in order to accommodate a 6 mm (externahelier) silica sample cell (shown at the top of
the diagram). The inner chamber was filled wHalumina to the same level as the thermocouple
inlet and the outer chamber filled with SiC. Thanstard MWTA thermocouples were then inserted
into the RCHPB and remained in situ throughoutladl experiments. The largest drawback of this
type of arrangement is the additional wall of silicetween the sample and the thermocouple and
the possibility of a poor thermal contact betwees thermocouple tip and the base of the sample
cell. To increase the contact area between the dfabe sample cell and thermocouple tip and also
to aid thermal conductivity the tip was surroundbgd -alumina (thermal conductivity ~ 30 W ‘M
K*@ 300 K[33]).

The conventional Boersma DSC instrument has tharadge that the thermocouple junction is
attached to a thermally conductive plate whichnicontact with a thermally conductive sample
pan. MWTA requires the use of a microwave transpao®nstruction material (silica) which

unfortunately (in this case) has a low thermal emtigtity as described earlier.

Other possible problems faced by this arrangem@seadue to the increase in the physical size of
the cell as a whole. As microwave penetration deptlconstant as the dimensions of sample
increases the chance of the wave being able tt tbaccentre decreases. Therefore the addition of

2 mm to the diameter of the reference chamberhmgffect of increasing the chamber volume by
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30 %, possibly reducing the penetration depth awlilting in the sample not interacting with
sufficient applied power to be able to undergo rttedrtransitions when microwaves are the main

mode of heating (the sample is then more likellgagat via conduction of heat from the reference).

5.5.1 Effect of atmosphere in RCHPB baselines

The importance of the carrier gas has been disdysseiously in this thesis. Argon has been the
favoured gas for its insulation properties andrdauction in the thermal gradient between the
sample cell and walls of the chamber. The additiamayap (thermal conductivity ~ 0.0262 W m
K1 @ 300 K[39]) between the RCHPB and the internal referematintroduced another possible
point of poor thermal contact. It was believed ghly conductive gas such as helium (thermal
conductivity ~ 0.1509 W iK™ @ 300 K [39]would aid the thermal contact between the cell and

the internal reference wall/thermocouple tip.

To evaluate the RCHPB cell and effects of blanket @arrier gases on thé baseline a series of
experiments was performed usinglumina. The flow arrangements are shown in Figb.€l5 mg
of the sample was placed in the silica samplearedl heated at a rate of 10 °C/min to 730 °C with

either argon or helium flowing into the chamber.
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5.5.1.1 Gas flow arrangements for the RCHPB

Arrangement 1 Arrangement 2

b

- = Gas flov

{1 = Removable crucibl

Figure 65: lllustration of the RCHPB arrangement
In arrangement 1 gas was solely supplied to thenblea at a flow rate of 105 ¢hmin™. In
arrangement 2 a controlled flow of the carrier gas also supplied through the sample section of
the cell.

Helium

The baseline was investigated using two gas flomngements. The first involved flooding the

outer chamber with the carrier gas but not the $am@wea (arrangement 1).
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Temperature (

The results showed a constantly drifting baselieéelbed to be attributed to the blanket gas

MWDTA indirect 100% Alumina IH1024

Sample cell design

900 200
Heating Rate (T/min) 10
Final Temp () 830 —— Sample temperature
800 4 | Percentage of active sample 100% Reference temperature 180
4 stub tuning status Manual —DTA
Sample weight (mg) 15
700 4 | Iris position (mm) 138 T 160
Iris (mm) 28 x 15
Cell HPB indirect + 140
600 4 _Mixture material N/A
Principle T/C Reference
Tuning position (mm) 120.5 <+ 120
500 < Comments Helium 105%
Sample flow 0% 0
Alumina sandwich b 100 P
400 4 a
P 80
300 9
P 60
200 4
b 40
Max €=96<T
100 9 <+ 20
0 y y y y y y T 0

20
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40

Time (min)

50 60

70 80

Graph 28: The baseline drift experience with the REIPB under helium in arrangement 1 (blanket gas)

facilitating the transfer of heat away from the géar(see Graph 28).
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Air

Outer wall of the RCHPB
cell

Removable

crucible

L _/

Chamber walls
Helium

= Reference (SiC) = = = = Sample thermocouple
= Alumina bed

- = Heat transfer (arrow size dependant on relatisgmitude of transfer)

Figure 66: lllustration of the thermal gradient when using a highly conductive blanket gas

Evidence of these findings can be seen by the Eldwamperature of the inert sample in respect to
the reference, as the centre of the cell (samma)anust be at the internal temperature of the
reference (as it is in a near ideal heat-flux estvinent and the sample could not heat on its own

accord). Heat loss must be lost from the refereheenbers outer walls and top.

The experiment was repeated using a gas flow agraagt which not only flooded the chamber
(blanket gas) but also supplied helium at a raté wi/min through the sample (carrier gas) section
of the RCHPB (arrangement 2) in order to aid therrttal contact between the sample cell and the
inner reference wall and have the overall effectrefting a more uniform temperature within the

chamber.
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MWDTA indirect 100% Alumina IH1026

900
Heating Rate (T/min) 10 T 94
800 < Final Temp () 800
Percentage of active sample 100%
4 stub tuning status Manual
700 4 Sample weight (mg) 15
Iris position (mm) 138 -+ 74
Iris (mm) 28 x 15
Cell Boersma type
600 9 "mixture material N/A
Principle T/C Reference
o Tuning position (mm) 113 ) | P
o 500 4 | Comments Helium 105% ” S}
E Sample flow 22% - -
[ Alumina sandwich <
o =
S 400 4 a)
£
8
—— Sample temperature T34
300 1 Reference temperature
—DTA
200 4
Max €=11.42T T
100 1 /
0 ¥ ¥ ¥ ¥ v ¥ ¥ -6
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Graph 29: The baseline drift experience with the REIPB under helium in arrangement 2 (blanket and carier
gas).

The experiment showed a promising baseline withightsincrease in differential temperature at
around 500 °C, which could be due to the heat tearasvay from the external reference wall being
aided by the thermal conductivity of the carries ga elevated temperatures as in the previous case.
Overall the advantage of flowing helium gas throdige inner chamber reduced the differential
temperature by around 80 °C giving a flatter basgli

Under Argon

The insulation properties of argon gas (thermaldcativity ~ 0.01772 W iK™ @ 300 K[33])

have been used in this research to prevent thegradients from the hot cell body towards the cold
chamber wall. To determine the effect it had inuadg the differential temperatures observed in
the helium experiments the runs were repeatedhdrfitst instance only the chamber was flooded

with argon (arrangement 1).
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MWDTA indirect 100% Alumina IH1023

1000
Heating Rate (C/min) 10
Final Temp () 730
900 4| Percentage of active sample | 100% T %
4 stub tuning status Manual
Sample weight (mg) 15
800 qris position (mm) 138
Iris (mm) 28 x 15
200 4-Cel HPB indirect —T 70
mixture material N/A
Principle T/C Reference
~ 600 Tuning position (mm) 120.5
o Comments Argon 105%
o Sample flow 0% +50 ©
= - h
& 5004 Alumina sandwich z
o =
g' —— Sample temperature o
2 4004 reference temperature
—DTA T
300 4
2001 > Max T=6.22C 4 10
100 4 M T ]
0 y y y y y y T -10
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Graph 30: The baseline drift experience with the REIPB under argon in arrangement 1 (blanket gas only)

The results showed a large improvement on the atgnv helium run with the maximum

differential down to around 6 °C, 90 °C lower thére comparable helium experiment. In this
arrangement the gap between the cell and chambiés was thought to have a lower thermal
conductivity than the gap from the internal refeemall and sample cell leading to the belief that

the thermal gradient tended towards the sampleag¥pg the lowering in differential temperature.
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Air

Outer wall of the RCHPB
cell

Removable
crucible

Chamber walls

Argon

= Reference (SiC) = = = = Sample thermocouple
= Alumina bed

- = Heat transfer (arrow size dependant on relatisgmitude of transfer)

Figure 67: lllustration of the thermal gradient when using a blanket gas with a low thermal conductity

When the experiment was repeated with the car@asr fjpwing through the sample area of the
RCHPB the results (see Graph 31, page 158) showeduation in differential temperature in the
lower temperature stages. As expected the diffedergading increased during the experiment, the
most likely cause being the reduction in thermahdiectivity between the inner wall of the
reference and cell, due to argon diffusing intoghp between the two.
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MWDTA indirect 100% Alumina IH1039

900 12
Heating Rate (C/min) 10
Final Temp () 700
800 9| Percentage of active sample 100% <+ 10
4 stub tuning status Manual
Sample weight (mg) 20
700 4| Iris position (mm) 138 <3
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600 4| mixture material N/A b 6
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o Comments Argon 105%
500 4
oL 1 Sample flow 22% [ e
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2 400 4 L2 K
£
(3}
i
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200 < —— sample temperature <*-2
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Graph 31: The baseline drift experience with the REIPB under argon in arrangement 2.

5.5.2 Evaluation of Removable Crucible HPB cell wit well characterised
materials using different atmospheres

To further evaluate the RCHPB cell a series of erpents were performed using four materials,

silver iodide (Agl), sorbitol, indium and a mixtuoé potassium and sodium hydrogen carbonate.

Silver iodide has a solid-solid phase change at°TAf a fast ion conducting form with a
resultant increase in tan

Sorbitol undergoes fusion at 95 °C also assochatddan increase in tan

Indium is a well known thermal calibration standaigich undergoes fusion at 156 °C.
Normally, the use of a metal within a microwaveitagan be problematic but the benefit
of the RCHPB cell is that the sample is electricablated from the earthed thermocouple
and so would not be expected to cause arcing.

Potassium and sodium hydrogen carbonate have bexamnposition steps centred on 156
°C and 206 °C respectively. Neither reactants modycts couple well with microwaves

and so would not be expected to produce a significhange in tan.
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Two sets of experiments were performed (under heliand under argon) in cell arrangement 2

where both the blanket gas and carrier gas wersaime. All experiments used 20 mg samples with

control on the reference (SiC).

MWNDTA indirect 100% silver iodide IH1027

180 15
160 9 P 1
140 9 05
120 9 0
5
o 100 4 i i 05 O
5 Heating Rate (T/min) 10
© Final Temp () 170 =
o Percentage of active sample 100% ,i:
2 809 4 stub tuning status Manual -1 O
g Sample weight (mg) 20
[ Iris position (mm) 138
Iris (mm) 28 x 15
60 o Cell Boersma type &*-15
mixture material N/A
Principle T/C Reference
Tuning position (mm) 113 Sample temperamre
40 4 Comments Helium 105% Reference temperature | g -2
Sample flow 22%
Alumina sandwich —DTA
20 9 ¥-25
0 ¥ ¥ v v v ¥ v ¥ -3
6 7 8 9 10 11 12 13 14 15 16
Time (min)

Graph 32: Silver iodide experiment conducted in thd(RCHPB under helium in arrangement 2.

Graph 32 shows the results of the experiment paddrusing silver iodide under helium at 10
°C/min. There is a sharp increase ih of about 3 °C at 136 °C which can be attributethe phase
change although it appears 11 °C lower than tleealitre value. To test whether this difference
resulted from the effect of heating rate, two fartlexperiments were done using 5 °C/min and 2
°C/min (Graph 33 and Graph 34 respectively). Irhbz#ses the measured transition temperature of
the phase change was 136 °C and the magnitude @ficrease in T did not change significantly.

As a result, all subsequent evaluation experimeete performed using 10 °C/min.
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MWNDTA indirect 100% Silver iodide IH1037

250 0.5
Heating Rate (T/min) 5
Final Temp () 170
Percentage of active sample 100% <0
4 stub tuning status Manual Sample temperature
Sample weight (mg) 20 Reference temperature
200 q"Iris position (mm) 138 —DTA T 05
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~ 150 2 -1.5
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2 100 4 +* 25
+* -3
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+* -4
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Graph 33: Silver iodide experiment conducted in thd(RCHPB under helium in arrangement 2 (heating rate

changed to 5 °C/min).

MWDTA indirect 100% Silver iodide IH1028
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Graph 34: Silver iodide experiment conducted in thd(RCHPB under helium in arrangement 2 (heating rate

changed to 2 °C/min).

Graph 35 shows an equivalent experiment at 10 €{mder argon. The initial magnitude of is

larger than in the experiment under helium butdhset temperature (135 °C) and size of tfie

step (2.5 °C) are very similar.
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Sample cell design
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Graph 35: Silver iodide experiment conducted in thd(RCHPB under argon in arrangement 2

Volumetric heating can result in the sample (pdgsibeating under its own accord while the

reference is heating at the set rate, resultirthentwo different heating rates never really allogvi

the sample and cell temperature to fully equilibrdthe low thermal conductivity of the silica glass

is also likely to insulate the thermocouple frora #ample, a problem increased by the thickness of

the base of the cell. The combination of these taators gives the depression of the transition

temperature seen in the experiments, as the iesuldtermocouple will be reading a lower

temperature than the true value while the sampéenhare than likely reached the true transition

temperature, making the transition appear to hacaroed early.

Graph 36 shows the result of the experiment witlbisal under helium. There is an increase ih

of about 3 °C at 87 °C which can be attributechsfusion although, again, it appears considerably

lower than the literature value (95 °C).
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MWDTA indirect 100% D-Sorbitol IH1032
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Graph 36: D-sorbitol experiment conducted in the REIPB under helium in arrangement 2.

Graph 37 shows the comparable experiment undemarygain, the initial magnitude of T is
larger than in the experiment under helium. Theebmd the fusion was measured at a slightly
higher temperature (89 °C) and th€& step is larger at 6 °C.

MWDTA indirect 100% D-sorbitol IH1044
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Graph 37: D-sorbitol experiment conducted in the REIPB under argon in arrangement 2
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Graph 38 shows the results of the experiment wiithiuim under helium. There is an overall
increase in T of less than 0.5 °C at 147 °C which can be attat to the fusion although, again, it
appears considerably lower than the literature ezala this experiment theT profile is more

comparable to that seen with a conventional DTAhwat peak produced by the endothermic
enthalpy of fusion. There is a slight indicationao$tep in T after the peak which may result from

a very small difference between how the solid aquid forms couple with microwaves.

MWNDTA indirect 100% indium
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Graph 38: Indium experiment conducted in the RCHPBunder helium in arrangement 2.
Graph 39 shows the comparable experiment undenatgdahis case, the magnitude of th€ step
is double that of the experiment under helium whhe peak temperature of the fusion was

measured 2 °C lower at 145 °C. Again, the initilgmitude of T is greater under argon than

helium.
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MWNDTA indirect indium IH1035
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Graph 39: Indium experiment conducted in the RCHPBunder argon in arrangement 2

The previous samples studied in the RCHPB methiqubakessed dielectric changes. To determine
the extent of the lag in the recorded temperateaglings a sample with no dielectric change was
investigated as it removed the variable of condeclieating from the sample to the sample cell.
Graph 40 shows the result of an experiment perfdrmmging a 50:50 mixture of sodium and
potassium hydrogen carbonate under helium. Theprofile is again broadly similar to that
expected from a conventional DTA with two broad @hérmic peaks centred on 149 °C and 191

°C, both approximately 1 to 1.5 °C in size.
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MWADTA indirect 50:50 Sodium bicarbonate: Potassium bicarbonate IH1055
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Graph 40: 50:50 mixtures (w/w) of sodium bicarbonag: potassium bicarbonate experiment conducted in #h
RCHPB under helium in arrangement 2

Graph 41 shows the comparable experiment undenafgee two peaks are centred on 140 °C and
189 °C both approximately 2 °C in size. Again, ffeaks appear at a lower temperature but are

larger in size than the helium experiment.

MWNDTA indirect 100 % sodium bicarbonate:potassium b icarbonate IH1045
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Graph 41: 50:50 mixtures (w/w) of sodium bicarbonag: potassium bicarbonate experiment conducted in #h
RCHPB under argon in arrangement 2
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5.5.3 Optimisation of the indirect microwave method

Although the RCHPB cell proved the concept thatsneaments could be obtained in a non-contact
environment, the errors in the transition tempeestucompared to the conventional instrument
temperatures were too erratic for the method tcateurate. In order to resolve this problem,
arrangement 1 was investigated, where argon was usdd to flood the chamber outside of the
RCHPB (blanket gas only). The baseline run shovednbost promising reduction in maximum
differential temperature.

Silver iodide

The extrapolated onset of the Agl transition wamrded to be 1 °C lower than equivalent onset in
conventional methods. The results tended to shaitkie instrument was behaving like DTA even
though the permanent changes in differential teatpeg seen in microwave thermal analysis were

still observed.

MWNDTA indirect 100% Silver iodide IH1053
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Graph 42: Silver iodide experiment conducted in thd(RCHPB under argon in arrangement 1.
Indium

The measurement obtained from the indium experingddwed the peak of the transition

temperature to occur very close to the DSC measnenThe peak did show a shoulder as it
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returned to the baseline, this shoulder occurrethatliterature and DSC temperature (156 °C)

slowing the return to linearity.
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Graph 43: Indium experiment conducted in the RCHPBunder argon in arrangement 1.

Bicarbonate mixture

The results (see Graph 44, page 168) showed a&C-dgfression in transition temperature with this
material which would not supply additional heatlte sample cell due to changes in coupling. The
results showed gas arrangement 1 did bring the éeatyre closer to the MWDTA results and in

certain cases (rubidium nitrate, and bicarbonatdures) to the DSC results. The discrepancy with
dielectric materials is likely to be due to theidapelf induced heating rate of the sample during a
dielectric change. The magnitude of this heatirig edfected the amount the transition temperature

lagged behind the conventional measurement.
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MWNDTA indirect 100% 50:50 Sodium bicarbonate:Potass  ium bicarbonate IH1054

250 2
Heating Rate (T/min) 10
Final Temp (T) 220
Percentage of active sample 100%
4 stub tuning status Manual T15
Sample weight (mg) 20
Iris position (mm) 138
200 4 Iris (mm) 28 x 15 k1
Cell Boersma type
mixture material N/A
Principle T/C Reference
Tuning position (mm) 113 05
Comments Argon 105%
Sample flow 0%
0 Alumina sandwich 0
~ 150 3
e
g
g - -0.5
@
o
g
2 100 9 P -1
15
50 9 P -2
—— Sample temperature
149 (pk) Reference temperature 199 (pk) |
—DTA
0 ¥ ¥ v ¥ ¥ -3
3 5 7 9 11 13 15

Time (min)

Graph 44: 50:50 mixtures (w/w) of sodium bicarbonag: potassium bicarbonate experiment conducted in #h
RCHPB under argon in arrangement 1.

5.5.4 Summary of the RCHPB technique

The results for all these evaluation experimentash similar trend and are summarised in the
following table (Table 12) showing the average $raon temperatures of the different samples, the
difference in temperature between DSC measurenagntsneasurement made in the RCHPB, and

finally the differences in temperature betweenHifB and the RCHPB measurements.
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DSC onset

temperatures Indirect Indirect

(less otherwise HPB under argon Indirect under

Sample stated) measurements | (outside only) | under argon helium

Materials with changes in tan

Silver iodide 146 149 145 135 136

Sorbitol 89 95 89 89 87
Indium 154 144 150 142 144

Materials with no changes in tan

158 (pk), 206
NaHCQ, : K;HCO; (50:50 mix) (pK) 158, 205 149, 199 140, 189 149, 191

(pk) = peak temperature

* = Seen in the DSC as a small signal
Temperature differences between HPB and RCHPB tgabs and DSC

Materials with changes in tan

Silver iodide - 3 -1 -11 -10
Sorbitol - 6 0 0 -2
Indium - -10 -4 -12 -10
Materials with no changes in tan
NaHCQ, : K;HCO; (50:50 mix) | - | o1 | 97 | 87| -9, -15

Temperature differences between RCHPB and the ldBtihtques

Materials with changes in tan

Silver iodide - - -4 -14 -13
Sorbitol - - -6
Indium - - 6 -2 0
Materials with no changes in tan
NaHCQ, : K;HCO; (50:50 mix) | - | - | o6 | 1816 ] 914

Table 12: Initial results obtained from the indireda MWDTA method.

Under helium, changes inT are smaller and events appear at a lower temperdn addition, the
initial magnitude of T is greater under argon than helium. These resalishe explained in terms
of the different thermal conductivity of the gas#&¥ith helium as a carrier gas there is better
thermal contact between sample and thermocouplprecesses appear closer to the literature
values. The changes inl are smaller because heat is more effectivelyspraried away from the
sample by the blanket gas of helium surroundingdlé The initial magnitude of T (i.e. the
difference in temperature between sample and soding reference) is smaller for the same
reason. With argon as the carrier and blanket lyasaverse is observed. Changes Thare larger
because the sample is more insulated but the pbeegrtransfer between sample and thermocouple
make the apparent temperature of events seem l&xperiments performed under argon required

slightly less microwave power for similar reasons.

One possible improvement considered was to havenaag the blanket gas and helium as the
carrier gas to give the benefits of largef changes (greater sensitivity) with more accurate
temperatures. However, the cost and complexityaefrig two simultaneous gas streams meant this

idea was not pursued further.
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Generally the cell was operated under a blankeargbn with no carrier gas. To increase the
reliability of temperature measurement, particylddr quantitative work, two modifications were
made to the cell and crucible. Firstly, the alumimed was replaced with powdered mono-
crystalline synthetic diamond which has a much éighermal conductivity (900 — 2300 Wi’

1) but is microwave transparent. In addition, thentbtnd bed increased the area of thermal contact
between crucible and the thin thermocouple tip tlmsulating the plate thermocouples of
conventional DTAs. Secondly, the base of the tieaivas ground to 0.5 mm thickness. Both these
changes aided transfer of heat from sample to thevaple without the loss of the benefit of

having a removable crucible.

The only other cell modification was to permit exed gas analysis.

It was thought that MWTA (in MWDTA mode) for posbibthe first time had the ability to be
coupled to an EGA apparatus, giving not only imaettinformation about transitions seen in the
observed trace, but also making the instrument moreparable to modern advances in thermal

analysis.

To couple the MWTA to MS, only minor additions hidbe made. The HPB cell lends itself to the
EGA work very readily as it already has a gas flbmough arrangement. The only additions that
had to be made were a sampling hood and the allitgiose off the sample chamber. These
problems were addressed with the following designs:

(@) (b)

Figure 68: (a) EGA sampling Hood (b) Sample chambéid

Figure 68 (a) shows the sampling hood which wasgded so that the lower plate sat over the
reference portion of the HPB cell. The long tubulgper portion of the sampling hood had a

reduced internal diameter (around capillary sizensm) so as not to draw too much gas into the
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mass spectrometer. The hood was made so as hodiitgh the 8 mm gap shown in sample chamber
lid Figure 68 (b).

5.6 Summary of the sample cell design

The development of the sample chamber and its a@isoved the versatility of the MWTA
technique. The low volume MWTA cell allowed puretifelectric changes to be monitored,

although compared to many other thermal analyshnigues the sample size was very large.

The HPB cell was a novel advancement which allowsctowave thermal analysis equipment to
become a comparative differential thermal instrumgnr the first time it allowed the problem of
differences in dielectric properties between thieremce and sample to be solved and as an
additional bonus allowed all types of samples tadsted without the need for diluent mixtures.
This was the case even for those that were noeptibte to microwave radiation at an analytical
scale.

The design of the HPB cell formed the basis forRI@HPB cell, which although it slowed the high
through-put nature of MWTA, showed promising resulthree main problems faced the RCHPB:
The gaps between the sample and the cell wall tldhternal reference wall and sample
cell reduced thermal conductivity giving rise ttharmal lag.
The construction of the sample cell out of siliadhthe adverse effect of insulating the
thermocouple tip from the sample resulting in inaate transition temperatures. ldeally the
base of the sample cell would be constructed frocheap, high temperature resistant,
thermally and chemically inert substance with ahhigermal conductivity and low thermal
expansion.
Poor thermal contact, as point rather than plagrntbcouples were used to reduce

microwave leakage, although this problem was gyeatluced by using a diamond bed.

The design of the RCHPB showed promising resultd, @oof of concept, although it was evident
that improvements needed to be made before it cbeldused as a standard method. These

improvements are discussed in Chapter 8.

The implementation of a sample chamber was of gadatintage as for the first time MWTA
experiments could be performed under controlledoapheres. The secondary effect of reducing
the temperature gradient from the sample cell @ovthveguide to the sample cells and the chamber
was also of great advantage.
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Chapter 6

Qualitative MWTA

The following chapter details the scope of MWTAnNngsa range of samples exhibiting a number of
transition types (solid to liquid and solid to sbjphase changes, dehydration and decomposition

processes).

The resultant response curves (temperature antedppicrowave power) are used to demonstrate

the potential advantages and disadvantages of MAA A qualitative thermal analysis technique.
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6.1 Solid to liquid phase transition in stearic ad

These initial experiments were undertaken to
a) Provide familiarisation of the MWTA instrument arsdftware, particularly the control
parameters required to obtain linear heating.
b) Observe the response of the instrument when heaéingples which undergo a significant
change in dielectric properties (common for manytemals changing from a solid to a

liquid phase).

6.1.1 Stearic acid

Stearic acid @H360, is a fatty acid and has a fusion point of 71 °@céntly it has found

applications in the phase change material (PCM)strg PCM materials are those which have low
temperature but highly endothermic phase chandgs.cbmbination of factors means that they are
used to remove heat from environments such as wiggtesal process or hot office environments

without the need for electronic devices such as@uditioning.

6.1.2 Melting of stearic acid using constant power

Constant power is the simplest form of MWTA expesimh In the example given a 700 mg sample
of stearic acid was subjected to a constant powet50W (15 %) until the sample temperature
reached 110 °C when the applied power was reduc®dW and the cooling curve was monitored.

The experiment used the large volume removablengtilan atmosphere of static air.

The resulting temperature and power profiles acsvshin Graph 45. When the microwave power is
initially applied the sample temperature risespgaraximately 20 °C/min until it reaches 71 °C. The
enthalpy of fusion holds the temperature constantabout a minute until the temperature rises
again. This second temperature rise is much maid (approximately 40 °C/min) as a result of the
greater tard of stearic acid in its liquid form where the etfeof dipolar polarization dominant.
When the microwave power is switched off the terapee falls in the expected cooling curve. At
71 °C the temperature levels off again as healé&ased on recrystallisation and only commences

the fall again at the end of the experiment.
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Constant power 100% Stearic acid IH0263
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Heating Rate ( C/min)

N/A

Final Temp ()

110

Percentage of active sample

100%

4 stub tuning status

Manual

Sample weight (mg)

700

140

<+ 120

40 4 Iris position (mm) 138
Iris (mm) 25x15
Tuning position (mm) 91

Comments 15% power to 110C < 100
then 0% power till
ambient

0.5mm grounded

354

30 4

N thermocouple d 0 g
= )
<= S
g 21 g
3 g
a +60 £
20 4 o
— Applied power
15 latent heat of fusion is observed on —— Temperature + 40
both heating and cooling
10 <
<+ 20
5 4
0 Y Y Y Y Y Y Y Y Y 0
0 1 2 3 4 5 6 7 8 9 10

Time (min)

Graph 45: Constant power (15 %) MWTA experiment ofstearic acid conducted in the large volume removabl
MWTA cell.

6.1.3 Melting of stearic acid using linear heating

Typically, thermal analysis experiments are perfedmising linearly increasing temperature ramps
(linear heating). In the majority of cases, it e tfurnace that is linearly heated with the sample
temperature following. In MWTA using linear heatjirgn attempt is made to the make sample
temperature increase linearly using a PID contighréthm (3.2.10 PID control algorithm for linear
heating, page 72). This is a far more demandingasdn as the sample’s ability to couple with

microwave energy can change extremely rapidly ngai@mperature control difficult.

A typical run on the melting of stearic acid usMyVTA and linear heating is shown in Graph 46.
This experiment used the large volume removablewadt a 700 mg sample under an atmosphere

of static air. The set heating rate was 2 °C/mifiQ °C (controlling on the sample temperature).

At the start of the experiment it can be seen thiaiperature control is good with a slow, smooth
rise in microwave power sufficient to maintain et heating rate. However, at around 63 °C the
power needs to increase more to maintain the rgeasite, possibly because fusion is starting to
occur and more energy is required to counteracetiiealpy of the process. At 73 °C the melting is

complete and the temperature rises sharply asudt r@fsthe increase in tad. The power falls
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rapidly as the PID algorithm attempts to bring temperature under control. Initially, the applied
microwave power falls by 20 W and then needs ® aigain by approximately 3 W until the sample
temperature returns to its set heating rate. Ttierdnce in tard between the solid and liquid forms

of stearic acid is clearly shown by less power gerquired to maintain the heating raféer the

sample becomes molten than before.

MWTA Linear heating 100% Stearic acid IH0277

40 100

73T (pk) + 90

351 83C (pk)

+ 80

301 — Applied Power

—— Temperature T7°

25 4
< 60

S , 5
g 63T (0.5) g
= 0.5 E}
g 201 Dielectric change T30 &
3 g
a £
Heating Rate (T/min) 2 da0 ¥
15 4 Final Temp () 90
Percentage of active sample 100%
4 stub tuning status Manual < 30
10 Sample weight (mg) 700
h Iris position (mm) 138
Iris (mm) 25 x 15 <+ 20
Tuning position (mm) 91
5 d Comments
<+ 10
0 g g g g g g g 0
15 17 19 21 23 25 27 29 31
Time (mins)

Graph 46: MWTA experiment of stearic acid conductedn the large volume removable MWTA cell.

6.2 MWTA of nitrates

Three nitrates (potassium nitrate, rubidium nitrabel caesium nitrate) were selected for analysis

because all have at least one temperature indwtieldsslid phase change.

6.2.1 Potassium nitrate

The solid-solid phase change in potassium nitragehieen of interest to microwave chemists as the
dielectric change is easy to control. The polym@phoccurs at an onset temperature of 128 °C,
peaking at 130 °C. MWTA experiments were perfornmetthe large volume MWTA cell under
argon. The sample masses were typically aroundiifiand the heating rate was set to 10 °C/min

(controlling on the sample temperature).
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MWTA Potassium nitrate IH0457

500 Heating Rate ( “C/min) 10 200
Final Temp () 350
Percentage of active sample 100

450 9 4 stub tuning status Auto < 180
Sample weight (mg) 740
Iris position (mm) 138

400 4 s (mm) 25x 15 311 + 160
System 5
Tuning position (mm) 125.5 x
Comments Argon 80ml/min

350 9 Gas chamber in P 140

place

300 1 <+ 120

250 1

Temperature (C)
Power (W)

200 9

150 4

100 1

—— Temperature

50 — Applied power | o 20

Time (min)

Graph 47: MWTA experiment of potassium nitrate condicted in the large volume removable MWTA cell.

The results illustrated in the graph above show phever steadily rising until the transition
temperature where there appears to be a clearnayplied power indicating that once the sample
had gone through the phase change at 131 °C itexietter with microwave radiation. The same
is also seen after the melt. The rise in the popmfile is possibly due to the instrument
compensating for heat losses to the surroundingBeopossibility that the high temperature phase

has a tan that decreased with temperature.

The MWTA(MWDTA) method, where the HPB cell is usedile still controlling on the reference
temperature has the advantage of smoothing the,tead proving additional information in the
form of the differential curve. The experiments svgrerformed under an argon blanket gas, and
subjected to a linear heating programme of 20 °@/foontrolling on the sample temperature). A
sample mass of around 10 mg was used in theseimqgmes, the results of which are shown in
Graph 48 and Graph 49, page 177.
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MWTA (MWDTA) 100% Potassium nitrate IH0720

250 45
—— Sample temperature
Reference temperature T 40
200 4 —DTA
— Applied power
pplied p 137C +35
150 9 P 30
) Heating Rate (T/min) 2
> Final Temp (C) 200 25 g
S Percentage of active sample | 100% =
& 1001 4 stub tunin ] 2
s g status Manual 2
=% Sample weight (mg) 10 +2 ¢
% Iris position (mm) 138
= Irs (mm) 28x15
50 4 Cell HPB < 15
Reference material Sic
Principle TIC Sample
Tuning position (mm) 1205 + 10
Comments Argon 80 mlimin
01 121C
5
133C
-50 T T v T T 0
3 4 5 6 7 8 9
Time (min)

Graph 48: MWTA (MWDTA) experiment of potassium nitr ate conducted in the HPB cell. (Power trace shown
on the second axis)

The advantage of MWTA using the HPB cell as showiaph 49 is that either the power profile
or the differential profile can be used to recdite transition, depending on which provides more

useful information.

MWTA (MWDTA) 100% Potassium nitrate IH0720

250 Heating Rate ( C/min) 20 0
Final Temp (C) 200
Percentage of active sample  100% Sample temperature
4 stub tuning status Manual Reference temperature
ngplg yvelght (mg) 10 — Applied power
200 4 Iris position (mm) 138 DTA * 5
Iris (mm) 28 x 15
Cell HPB
Reference material SiC
Principle T/C Sample
Tuning position (mm) 120.5
o 150 4 Comments Argon 80ml/min <+ -10
[ Vac off
o — o
3
§ \v 2
g 8
5
2 100 4 b -15
50 9 P -20
29T 3sC
0 v v v v v -25
3 4 5 6 7 8 9

Time (min)

Graph 49: MWTA (MWDTA) experiment of potassium nitr ate conducted in the HPB cell. (Differential trace
shown on the second axis)
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The results showed a steady gain in applied powé&l 121 °C where the rate increases as the
sample temperature beings to drop. The transifpears to peak at 135 °C in the power trace and

133 °C in the differential. The origin of the dispancy is due to the timing cycle in PID algorithm.

A clear transition was seen with a peak temperatia®e to literature and a change in baseline after
the transition. This gave the indication there @hange in dielectric so the sample is heatingebett

than before the transition, at the same relatiwegno

6.2.2 Caesium Nitrate

Caesium nitrate contains one solid-solid transitibf54 °C peaking at around 155 °C which can be
seen clearly using conventional TA methods suctD8€. Microwave experiments (shown in
Graph 50) were performed using 600 mg of sampléeumrgon at a heating rate of 5 °C/min

(controlling on the sample temperature), in the \mlume removable cell.

MWTA Cesium nitrate 99.999% IH0486

500

— 180
Heating Rate (C/min) 5
Final Temp () 450

Percentage of active sample 100
450 4 stub tuning status Auto
Sample weight (mg) 600
Iris position (mm) 138

P 160

Iris (mm) 25x15
400 System
Tuning position (mm) 25.5

Comments rgon 80ml/min
Gas chamber in
place

+ 140

152C

350 1
¥ 120

300 1

S -
o 100 g
£ 2501 5
(]
g 30 &
2 200 4
+ 60
150 4
— Temperature < 40
100 1 —— Applied power
50 4 < 20
0 y y y y y y y y 0
0 5 10 15 20 25 30 35 40 45
Time (min)

Graph 50: MWTA experiment of caesium nitrate condudted in the large volume removable MWTA cell.

The experiments showed only a small change in tan151 °C (possibly the first point of change
of the sample). This caused a problem as withofficEnt change in tan the rate of increase of
applied power will not change and the transitiohl e lost when using this method of MWTA

technique. The advantage of using MWDTA (see Chiafjtés it allows transitions to be monitored
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using its enthalpy in addition to its changes im taMeaning that if a transition has a low change in
its value of tan but a recordable change in enthalpy (like in aamsnitrate) a transition can still
be recorded even though it would have been missatyyurely the MWTA technique. This
method also gives the added data that there is ankgry small dielectric change during the

transition.

6.2.3 Rubidium nitrate

Rubidium nitrate undergoes three solid-solid phemgsitions (trigonal-cubic, cubic- rhombohedral,
rhombohedral-cubic) [40, 41] occurring at an onseatperature around 161 °C, 221°C, and 283 °C

respectively. At 305 °C the sample undergoes fusion

These transitions are all very different in terrh¢heir changes in tan which results in them being

very hard to control during a MWTA run, althoughs® promising results were obtained. Another
factor also complicated the results, which canXy#agned by referring to the equation for the total
loss factor and tan (see Equation 7 and Equation 8, page 39 and 4@ctsgely). The equations

show that the value of effective loss factdt.¢) and therefore tan is also dependant on electrical
conductivity of the sample as well as the lossdiaft’). As a result, the extent to which the sample
heats and therefore the amount of power requiredeet the set-point will be directly affected by

the change in electrical conductance.

Several literature sources mentioned changes ciriel@l conductance [40-41] in rubidium nitrate
crystals as it is heated. This would produce antiatal signal on a MWTA run as it would

directly affect the applied power profile.

The publication by Browrt al [41] details that on measuring the conductanceiloidium nitrate

as function of temperature several changes occurred

V-1l transition took place at 164 °C conductarcereases by a factor of 100.
[I-1V transition took place at 161 °C with a cosponding decrease in conductance.
[1I-11 transition took place at 230 °C where conthue decreases by a factor of 3.

On cooling transformation took place at 218 °C emaductance increased by a factor of 30.

Other sources such as Chatyal [40] mention:
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A zone between 145 °C and 178 °C during which tingeconductivity increases rapidly.
At 222 °C there is a steep fall in conductivity ahicorresponds to the IlI-II transition.
IV-IIl and II-I transitions are associated with grecrease in conductivity

l1I-11 transition is associated with a decrease.

The fall in conduction can be attributed to theiliition of the mobility of the defects in the
crystal.

Experiments consisted of heating the sample attea g5 °C/min (controlling on the sample
temperature) under argon in the large volume reilevaell. The sample mass was typically
around 560 mg.

MWTA Rubidium nitrate IH0415

400 300
Heating Rate (C/min) 5
Final Temp () 350
350 4 Percentage of active sample 100%
4 stub tuning status Auto
Sample weight (mg) 560 T2
Iris position (mm) 138
3004 | Iris (mm) 25x 15
System 5
Tuning position (mm) 125.5 <+ 200
250 4 Comments Argon 80ml/min
s Gas chamber in
Q place =
o 285T 2
% 200 4 317C T 150 G;J
5 L
=% I-Liquid <
g a .
(7]
F 1504
< 100
—— Temperature
100 4 ;
— Applied power
o< 50
50 <
0 y y y y y y y 0
0 10 20 30 40 50 60 70 80
Time (min)

Graph 51: MWTA experiment of rubidium nitrate condu cted in the large volume removable MWTA cell.

The results shown in Graph 51 indicated that thd,lll-1 and I-Liquid changes can be clearly seen
using this technique. The IV-IIl is not clearly sem the power trace indicating little dielectric
change. The sharp rise in power at the lll-Il traois indicates the loss of the samples ability to
couple in this phase. The II-I shows an increas¢he ability to couple. Strangely the I-Liquid
transition shows a decrease in coupling ability abposite to the expected result. This could be
attributed to other effects such as sample logekenmolten state, changes in volume and/or heat
capacity or thermal conductivity. Regardless o thhe transition can still clearly be seen. The

additional responses seen in the trace could baiergd by conductivity changes.
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If the unexplained responses in the trace are rtefagts then the trends seen in conductivity
experiment would correspond to the undesignatetitians. The first unexplained result occurs at
141 °C and indicates a large drop in applied powieerature talks of an increase in conductivity in
this temperature region. There appears to be & leignge in the coupling at 200 °C which is not
explained by either morphology or conductance unliéss related to the earlier conductance
change. At the IlI-1l transition there is an incsean power possibly indicating a fall in conductan
as Brownet al. and Charyet al.indicate. The change in gradient of the powerifgdfefore the Il-1

transition could indicate a small increase in carigity.

The relationship of microwave heating and conditgtiis interesting but it is not believed to be a
reliable method to make conclusions on a systeropepties, as many factors will dramatically
affect the results such as sample packing, impggtitelectrical contact with the thermocouple,

thermocouple interaction etc.

6.2.4 Magnesium nitrate hexahydrate

Magnesium nitrate hexahydrate is one of many pbhaage materials (PCM) which have become
of greater interest over the last 30 years as ailplesheat storage device. The anhydrous form like
many of its group | nitrate counterparts is a palyphic material. When in the hydrated form it
undergoes a highly endothermic dissolution (makirad interest in the field of PCMs). The phase
change has an onset temperature around 73 °C, \ghickly runs into the dissolution which peaks
around 92 °C.

Experiments were performed in the large volume raabte cell under argon and the results are
shown in Graph 52. The slower heating rate of Sfi@/(controlling on the sample temperature)
was set in order to retain resolution of the twasely occurring transitions. Typical sample sizes

were around 680 mg.
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MWTA 100% Magnesium nitrate hexahydrate IH0589

140

- = 40
Phase change Heating Rate (C/min)

Final Temp (T) 20
64T Percentage of active sample 00%
4 stub tuning status ito
Sample weight (mg) 680 < 35
Iris position (mm) 138
Iris (mm) 25x 15
Tuning position (mm) 124

Comments Argon 80ml/min
Gas chamber in < 30
place
Sample packed in
cell

1% heat
o< 25
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100 4

© 804 =
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Graph 52: MWTA experiment of magnesium nitrate hexdydrate conducted in the large volume removable
MWTA cell.

MWTA shows the solid-solid phase change to haveargel change in the samples dielectric
properties at 67 °C, indicated by the large dropgpawer and lower power required after the
transition. The transition which can be seen at@bccurs at the temperature of the dissolution of
the nitrate in its own water of crystallization. €fincrease in coupling ability at the start of
transition requires less power as the sample besomoee fluid. The end of dissolution is shown by

the increase in power at 100 °C most likely dueetveporation of the water.

Unfortunately the resolution of the experiment \gasatly reduced due to the large change in tan

at the phase change. The change caused a veryolaegehoot of the set point that resulted in the
sample temperature exceeding the transition terhperaf the later events. At the time, these
problems in resolution were due to the large voluramovable cell requiring a large sample mass
for good thermal contact. This large volume mehatadhanges were too fast for the PID settings to

control, a problem which was resolved by the usthefHPB cell.

6.2.5 Sodium nitrate

Sodium nitrate is a group | nitrate and followinigettrend, undergoes a polymorph at an
extrapolated onset temperature of around 269 °€ @aph 116) closely followed by an isotropic

melt at around 303 °C. The polymorph is shown askw#ansition in DSC methods. The
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experiments were performed in the HPB cell undblaaket gas of argon the results are shown in
Graph 53. The heating rate was set to 10 °C/mintfoting on the sample temperature) and a 20
mg sample was used. In this case both the largansbnd reduced MWTA cells could not be used

as the final transition became uncontrollable fing large sample masses.

MWTA (MWDTA) 100% Sodium nitrate IH0942

400 op— 60
Heating Rate (T/min) 10
Final Temp (C) 350 298C
| Percentage of active sample | 100% 290C
4 stub tuning status Manual
350 o Sample weight (mg) 20
Iris position (mm) 138 < 50
Iris (mm) 28 x 15
Cell HPB
mixture material N/A
Principle T/C Sampl
300 TE:E; egos\tion ‘'mm 126(7)"5 >
Comments Argon 105% - 40
Sample flow 0% P
Alumina sandwich e
250 4 o
5 I 430
< - 9]
g 200 4 <
g8 =
= 420 °
[0
F 150 4 —— Sample temperature
Reference temperature
— Applied/W <+ 10
100 4 —DTA
b 0
50 291C
0 v v v v ¥ y -10
17 19 21 23 25 27 29 31

Time (min)

Graph 53: MWTA experiment of sodium nitrate conducted in the HPB cell.

Using MWTA methods the phase transition (usualbnsat 269 °C) is not evident suggesting it has
little or no dielectric change. At 290 °C the saenf@mperature rapidly deviates from the reference
temperature, showing a swift change in the matsraility to couple, attributed to the additional
heating via dipolar polarization when the samplm@ten. The magnitude of the,Tesponse is so
great when using 20 mg of sample that the instrangeanable to bring the sample temperature
back under control before the experimentally sgteagemperature limit is reached, indicating the

level of sensitivity the technique has towardsaiarimelting transitions.

6.3 MWTA of organic materials
6.3.1 Benzil

Benzil is a diketone with the chemical formulasffgCO), it is often used as an organic synthesis
intermediate and a photo initiator in free radigalymer curing, and is a thermal analysis
temperature standard. The fusion of benzil at esetemperature of 92 °C has been of interest in

the development of microwave heating analysis tegtes [16, 42] due to a large change in tan
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on melting. The experiments were performed in tiRBHell to reduce the sample size under a
blanket gas of argon. The heating rate was sed tiCImin (controlling on the sample temperature)

and a 20 mg sample was used.

MWTA (MWDTA) 100% Benzil IH0929

140 25

120 9 P 20

100 1 ¥ 15

97<C
Heating Rate ( C/min) 10
—~ Final Temp () 120
8, 80 4 Percentage of active sample | 100% <+ 10
o 4 stub tuning status Manual <
2 Sample weight (mg) 20 —
© Iris position (mm) 138 <
I3 Iris (mm) 28 x 15 E
E 609 —— Sample temperature Cell . HPB T°
[t mixture material N/A
Reference temperature Principle T/C Sample
— Applied/W Tuning position (mm) 120.5
Comments Argon 105%
40 9 —DTA Sample flow 0% T0
Alumina sandwich
99T
0 v v v v v -10
5 6 7 8 9 10 11
Time (min)

Graph 54: MWTA(MWDTA) experiment of benzil conducted in the HPB cell.

Both the sample temperature and reference temperatse smoothly till the transition
temperature, as did the applied power profile. fgseilt showed a decrease in the required applied
power, although its extrapolated onset occurrethatstep of the differential trace, and several
degrees later than the expected transition temperathe reason is due to the timing cycle in the
PID controller not being able to respond fast emouQf greater importance is the DTA trace
(shown in green). With the added sensitivity thiffiecential techniques provide, the small drop in
sample temperature (at 93 °C) prior to the tramsjtivhere the endothermic nature of the transition
is stronger than the increased coupling of the emo#ttate is more evident, information which was
missed when using the large or reduced volume rablevcells. This extrapolated onset
temperature is in good agreement with DSC measuresmeéhe point at which dipolar polarisation
becomes dominant can also be clearly seen in fferatitial trace as the step occurring at 99 °C

(close to the peak temperature of DSC measurements)

The experiment showed that in the molten statesameple coupled better to microwaves.
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6.3.2 Sorbitol

Sorbitol is a substitute for sugar often used ingtbmedicines and food stuffs for healthy eating
products. It has the chemical formulaHz4Os and is known as a sugar alcohol due to the hydiroxy
groups at either end of the molecule. The matdraéd a broad extrapolated onset to the large
endothermic melting point occurring at 89 °C whigbaks near to 99 °C. Experiments were
performed in the HPB cell with the sample thermgtewsed to control the PID under argon. The

heating rate was set to 10 °C/min and sample siees kept to 20 mg.

MWTA (MWDTA) 100% D-Sorbitol IHO777

160 20
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&+ 16
120 4
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< Sample weight (mg) 20 T 10 g
g 60 4 Iris position (mm) 138 2
13 —— Sample temperature Iris (mm) 28x15 o
8 Cell HPB +3
Reference temperature Reference material SiC
40 4 —DTA Principle T/Q Sample
. Tuning position (mm) 120.5
— Applied/W Comments Argon 105 % T6
Sample flow 0 %
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P 4
95T
04 88T +2
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Graph 55: MWTA(MWDTA) experiment of D-sorbitol cond ucted in the HPB cell.

The trace showed a relatively constant applied pdexeel before the transition, with the sample
coupling well, shown by the low required appliedveo and the elevated sample temperature (red
line) compared to the reference temperature. Omedransition temperature (89 °C) was reached
the molten sample coupled better to microwavesxaeated, (shown by the increased positive
value of the differential signal) resulting in adrin the applied power. The differential tracesgr
line) shows two rises in temperature. This is nelidved to be due to two separate transitions or
instrumental artefact, but may result from the eheomic nature of the fusion opposing the
temperature rise from the increased coupling. At°G5(the peak temperature on an equivalent
heating performed on a DSC, see Graph 135, pagetB&8wo are in equilibrium resulting in a
plateau in the temperature and power profile. Tdwsd fall in power indicates the completion of

enthalpy effect from the fusion, and the dominatibthe dielectric effect.
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6.3.3 Acetaminophen

Acetaminophen (more commonly known as paracetan®l)an analgesic and a common
replacement for aspirin in pharmaceutical formolasi It processes the chemical formula
CgHoNO,. The extrapolated onset temperature of the fusioacetaminophen occurs at 168 °C,
peaking at 171 °C. As in previous MWTA (MWDTA) tex}, experiments were performed in the
HPB cell with the sample thermocouple used to abritre heating rate under argon. The heating

rate was set to 10 °C/min and sample sizes weret&&® mg.

MWTA (MWDTA) 100% Acetaminophen IH0946
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Graph 56: MWTA(MWDTA) experiment of acetaminophen conducted in the HPB cell.

The acetaminophen did not couple to microwavesngtyoprior to the transition temperature
resulting in a negatively sloping differential tea¢green line). As with sorbitol the transition
appeared to be separated into two events relatintge enthalpy change masking the dielectric
change, then being overcome at the point of maxinchange. The transition recorded on the
power profile (blue line) was in good agreementhwiiie expected results. The differential trace on
the other hand appears to show two transitionseedhan the F, (152 °C and 157 °C) that do not
appear in the power trace or DSC traces. The diffe between the power profile and the
differential profile is due to the lag in the PIBsponse. Prior to the fusion the sample temperature
lags behind the reference (SIiC) but as the samplples better after the transition the two
temperatures converge. This effect would only bssfiide if there was a change in taror the

sample.
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6.3.4 Aspirin

Aspirin or acetylsalicylic acid is often used as anti-inflammatory and analgesic drug. It has a
formula GHgO,4 and is a member of the salicylic drug family. Theion of aspirin occurs at an
extrapolated onset temperature of 131 °C, peakirigl@ °C. Experiments were performed in the
HPB cell with the sample thermocouple used to abrttre PID under argon. The heating rate was
set to 10 °C/min and sample sizes were kept to@0 m

MWTA (MWDTA) 100% Asprin IH0934

180 30
160 4 . / b 25
140 4 e —
// + 20
120 <
—— Sample temperature + 15
o Heating Rate (C/min) 10 Reference temperature
< 1004 Final Temp (C) 170 .
o Percentage of active sample | 100% Applied/W 1<
=] 4 stub tuning status Manual —DTA * 10 -
g Sample weight (mg) 20 &
o 804 Iris position (mm) 138 o
g Iris (mm) 28 x 15
= Cell HPB +5
mixture material N/A
60 4 Principle T/C Sample
Tuning position (mm) 120.5
Comments Argon 105% +0
404 Sample flow 0%
Alumina sandwich
127C
201 138T [ -5
0 y y y y y v v -10
6 7 8 9 10 11 12 13 14
Time (min)

Graph 57: MWTA(MWDTA) experiment of aspirin conduct ed in the HPB cell.

The experiment shows the sample to heat better thaeference material after the,Ta
phenomenon not seen in conductive heating whert ibesaupplied to sample, from the furnace
which is always hotter than the sample. It is alewth noting the sustained elevated temperature.
Even with a strong endothermic event the sampl@éeature usually returns to near the reference
over time under conventional heating, making thsnge in the hotter body another way of

determining dielectric changes.

6.3.5 Ascorbic acid

Ascorbic acid or vitamin C is an antioxidant orgaacid with the formula §HgOs. Experiments
were performed in the HPB cell using the samplentioeouple to control the linear heating

conditions under argon. The heating rate was s&d ttiC/min and sample sizes were kept to 20 mg.
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MWTA (MWDTA) 100% Ascorbic acid IH0939
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Graph 58: MWTA(MWDTA) experiment of ascorbic acid conducted in the HPB cell.

The applied power trace rose steadily until neartthnsition where there was an increase in the
applied power prior to the transition. This is axample where the initial effect of the endothermic
nature of the event (onset 189 °C in the greerfr@caph 58) is greater than the change in tam

a short period of time. This effect is useful as Heparate parts of the fusion can be defined in
microwave work. The differential (green line) ahe &applied power traces (blue line) return to near
their original values after the transition, indiogt the molten sample has the same dielectric
properties as the room temperature state, alththegprocess of changing physical form has a large

change in tan.
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6.4 MWTA of inorganic materials

6.4.1 Copper oxalate hemihydrate

The oxysalt copper oxalate hemihydrate (formula £uG2H,0) decomposes to the oxide at high
temperatures under oxidising atmospheres (see g, page 143. The decomposition is known
to produce it's own inert atmosphere (§@hich prevents oxidation for a time, producing th
metal at 263 °C (or a lower valency oxide). Oncggen has diffused back to the sample the
common oxide is formed (CuO) at 280°C [43].

The experiment was performed in the large volunmoreable cell with a blanket gas of air. The
heating rate was set to 10 °C/min. Copper oxalaés ahot couple to microwave radiation therefore
in order to reach the transition temperature whih applied power available (300 W) the sample
had to be mixed with a standard susceptor (SiG) edtio 1:1 by weight. Therefore the active
sample mass was 500 mg. The diluent mixture dicaffett the ability to monitor the transition in

this case as the sample went from a material tldahokt couple at all (copper oxalate) to a good

coupling material (copper oxide).

linear heating 50:50 SiC: Copper oxalate under flow ing Air IHO350
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Final Temp (C) 600
Percentage of active sample 50%
250 4 [ stub tuning status Auto T 600
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Iris position (mm) 138
Iris (mm) 25 x 15
System 5 283 (0.s) + 500
200 4 | Tuning position (mm) 124
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Gas chamber in
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< 400

Power (W)
N
n
o

Temperature (T)
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o
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Graph 59: MWTA experiment of copper oxalate hemihydate conducted in the large volume removable MWTA
cell.

The meter reflected trace illustrated in Graph B8o¥ed the applied power trace in this

experiment in all aspects except the magnitudeefeéading. Using the meter reflected trace shows
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the effect the sample had on the noise seen iw@lve after the sample section during a transition,
indicating how the newly formed material interasfth the wave. The trace shows steady noise in
the meter reflected profile (blue line) as it agwioes the transition temperature of the metal
formation (263 °C). There is a noticeable incraasaoise as the metal is formed indicating that the
formation of copper metal has a large effect onapplied wave (information not seen when the
applied power trace is used). The noise reduceppger oxide is formed at 283 °C, as does the

reflected power.

The experiment was repeated under a blanket gélswihg air. The HPB cell with the sample

thermocouple used to control the heating rate atbtihe use of a 100 % copper oxalate sample.

MWDTA (MWTA) 100% Copper oxalate IH0673
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Sample flow 0 %
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Temperature (T)
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Graph 60: MWTA(MWDTA) experiment of copper oxalate hemihydrate conducted in the HPB cell.

The heating rate was set to 10 °C/min and sampés sivere kept to 20 mg. The same trends were
seen in both methods with a large dielectric chasgen between 283-290 °C, and a slightly
smaller dielectric change at 262 °C. The event s¢&35 °C is a result of PID recovery and is not

thought to be a true transition.
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6.4.2 Copper sulphate pentahydrate

The dehydration of copper sulphate pentahydrate&Ss(5H,0) is well documented in thermal
analysis. The dehydration proceeds via a loss ofviater molecules at around 70-90 °C then the
subsequent loss of two more water molecules ardurtd120 °C. The final one is lost in the
temperature range of 200-250 °C. It was expectatviith each subsequent loss of water the power
required to maintain the heating rate would inceegdue to coupling species being lost).
Experiments were performed in the large volume raahte cell under argon, where the heating
rate was set to 10 °C/min. The anhydrous form qgfpeo sulphate does not couple well to
microwaves therefore a 75:25 (copper sulphate pgdtate: SiC) mixture was used. The active
sample mass was therefore 817.5 mg.

MWTA 75:25 Copper sulphate.5H ,0: SiC 1H0346

300 700
Heating Rate (T/min) 10
Final Temp () 600 < 600
250 9 Percentage of active sample 75%
4 stub tuning status Auto
Sample weight (mg) 1090

Iris position (mm) 138 P 500
Iris (mm) 25x 15
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Tuning position (mm) 129
Comments Argon 50ml/min < 400
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150 4 place

Vacuum on
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< 300

Temperature (T)

100 9
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! i
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Graph 61: MWTA experiment of a mixture 75:25 (w/w)copper sulphate pentahydrate: SiC conducted in the
large volume removable MWTA cell.

191



Qualitative MWTA

The results indicated several possible changesthmay superimposed on changes in tafhese

changes have been explained below:

97 °C-Loss of two waters (an endothermic transjtion
o Temperature rises due to the evolution of free matapling to the applied power.
o0 When the free water is lost from the measuremesd anore power is required to
keep to set point shown by the increase in appieader.
112 °C-Loss of two waters
0 Same trend is observed as with the first transition
135 °C-peak temperature shown by DSC for the @nsansitions.
o As with the organic melting experiments, the endhef endothermic process allows
the full dielectric effect to take place, resultimga reduction in the applied power.
215 °C—Start of the loss of"&nd final water
o The final loss of water does not follow the trenfl tbe first four as at this
temperature the water is released as vapour ritherfree water.
o Power rise due to the endothermic transition dampit the dielectric effect.
o Slight fall in power as enthalpy is overshadowedchgnges in coupling (260 °C
peak temperature of th& Fransition shown by DSC).
278 °C-End of event
o0 Anhydrous CuS@formed which appears to have little coupling.

It appears that from the power profile Cu3®O had a greater ability to coupling than
CuSQ.5H,0 which had a greater ability than the anhydroyspeo sulphate.

6.4.3 Sodium tungstate dihydrate

Alkali tungstates are crystalline hydrates that lemewn to undergo solid-solid phase changes at
high temperatures. Although Sodium tungstate didwgd(NawWO,.2H,0) does not have many uses
in a chemistry lab, it is useful source of tungséenl a strong oxidizing agent. Sodium tungstate
dihydrate undergoes several thermal transitionsheating, the first occurring at an onset
temperature of 81 °C, peaking at 122 °C. At an ptesaperature of 560 °C the sample undergoes a
solid-solid phase change peaking at 594 °C, wiadtasely followed by the melt at an onset of 689
°C, peaking at 696 °C.
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Experiments were performed in the HPB cell with saenple thermocouple used to control the PID

under argon. The heating rate was set to 10 °Camihsample sizes were kept to 40 mg.

MWTA (MWDTA) 100% Sodium Tugstate IHO757
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Graph 62: MWTA(MWDTA) experiment of sodium tungstate conducted in the HPB cell.

As observed in previous results the first transitfdehydration) requires an input of applied power
(blue line) at 105 °C to overcome the enthalpy geathe power then drops as the dielectric effect
takes over at 118 °C. At around 525 °C there isv&lling of the applied power as the sample
temperature rises. DSC shows no transition attdngperature, TGA also confirms the lack of a
transition, showing no mass losses, indicating ithia purely dielectric effect (see 7.4.4.2 Sodium
tungstate dihydrate page 233).

The solid-solid phase change again has a risevirepto overcome the enthalpy then a lowering of
the applied power indicating the increase in cowupliThe extrapolated onset temperature at the
solid-solid phase change appears to occur at arltewmeperature than observed in conventional
thermal analysis. Although this could be put dowratmicrowave effect it is believed more likely
that the instrument is responding to the first paihchange of the sample. If the area around the
onset in a DSC trace is expanded then the firgttpdideviation occurs around 560-570 °C. For a
microwave instrument to respond at this point &sfiele. Assuming that all the sample is heated to
the same temperature at the same time (unlike seotional experiment where heating is via
conduction so time dependent) then the time deperdetor is removed, so the point at which the
first crystal changes would be the point at whidho&the crystals change. By conducting DSC
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experiments at very slow heating rates (1 °C/mins ibelieved that the transition temperature

would tend towards the transition temperature sedWWTA.

6.4.4 Silver iodide

Silver iodide (Agl) is used in processes such astgdraphy, rain making and antiseptic medicines.
It exists in three crystal structures. At tempeamdibelow 147 °C it exists in thephase and the-
phase can also be present which is reported teeée sn cooling at 143.5 °C [44]. Above this
temperature the-phase is dominant. Experiments were performedenHPB cell with the sample
thermocouple as the input to the PID controllerarmatrgon. The heating rate was set to 10 °C/min

and sample sizes were kept to 20 mg.

MWTA (MWDTA) 100% Silver iodide IH0910
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Graph 63: MWTA (MWDTA) experiment of silver iodide conducted in the HPB cell.

The results showed a change in the material’stalbdi couple to the applied wave which remained
till the end of the experiment, indicated by thenstant elevated differential value after the
transition. The transition temperature is highantfound in DSC, and is most likely due to the PID
controller. As the heating rate changed so dramiftion such a short period of time, by the time
the controller had responded to the error sigrelkstimple temperature had risen by several degrees
showing the extrapolated onset to be higher thgre@ed. This is a possible disadvantage of

controlling on the sample temperature.
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6.5 Summary of the MWTA technique

MWTA is has proven to be exceptional in identifyimglting processes, dielectric changes, points
of thermal runaway under microwave radiation an@ inumber of cases polymorphs in inorganic
materials. The technique has also shown its irtghid record enthalpy-only changes within a

system.

The advantage of being able to see the equilibrdinenthalpy verses dielectric change during
highly endothermic events, allows the user to deitee the maximum point of enthalpy change as

well as the extent of changes to microwave int@yadh one experiment.

Transition temperatures appear higher than expécteoime cases where there is a dramatic change
in heating rate, which is believed to be due toRH2 controller. The sampling interval of 250 ms
may not be sufficient to be able to instantly regpto a dramatic change in heating rate and by the
time the controller has reacted and altered théiegppower, the sample temperature had risen by
several degrees. The results obtained which shdhisdalteration in the transition temperature
indicated a limitation of the PID controller in tMWWTA instrument when controlling solely on the
sample. With modern controllers (utilised by theesa thermal instruments) it is possible that the

level of control could be increased.
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Chapter 7

Qualitative MWDTA

The development of the novel HPB cell allowed fosgbly the first time repeatable differential

results to be obtained from MWTA.

This chapter details the results and problems gamen the validation of the MWDTA technique.

The chapter also describes a wide range of thetraakition types and therefore what can be

expected from different materials under MWDTA expemtation.
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7.1 Comparison of differential techniques

As described in previous chapters, the ability t;mitor the differential signal during an experiment

adds increased sensitivity. The development oHRB cell and control on a reference, gave a new
and more stable baseline and heat flux environmenseen before in other cell designs. With the
reduced sample size the instrument could now bectlyr compared to conventional DTA

experiments.

To show the versatility of microwave thermal anaysamples that undergo well characterised
types of thermal transitions were tested with bathventional thermal methods and microwave
differential methods and the results compared. & tiesisition types included organic fusions, glass
transition of polymers, decompositions, dehydrata@nbound species, dehydration of water of
crystallisation, solid-solid phase changes, liquigstal fusions, pharmaceutical fusions, and
changes to fast ion conductor states. The effetteating metals in microwaves was also briefly
studied.

7.1.1 Experimental conditions

7.1.1.1 MWDTA performed in the HPB cell

All microwave differential experiments (unless sthbtherwise) are performed using the HPB cell.
The heating rate was kept at 10 °C/min and theegisc was 200-450 mesh SiC. Argon was used
as the blanket gas unless oxygen was requiredhiohwcase compressed air was supplied to the
test chamber. Although it is common in thermal gsialto use nitrogen (for economic reasons) or
helium (for the heat conductivity) argon was chosena blanket gas to avoid the possible
interaction with oxygen at high temperatures whmahogen can undergo to formy®, resulting in
phantom exothermic temperature changes. The distatya of using helium in microwave thermal
analysis is down to volumetric heating. As the slenmpthe only part of the chamber which heats,
the thermal gradients that exist between the saintg#éf and the outer walls of the chamber are
large. The use of a highly thermally conductivenkkt gas only increased the size of this gradient
increasing the differential between the sample thiedreference. Air and argon have low thermal
conductivities and hence aid the reduction of biegrhal gradient.

197



Qualitative MWDTA

7.1.1.2 Differential thermal measurements

Conventional experiments were performed on a TArumsents MDSC 2900, MettlerToledo
TGA/SDTA851e or a Stanton Redcroft DSC1500 caldmtdbr temperature with the,Tof indium
and lead standards.

Unless otherwise stated all conventional experismeéetailed in this chapter were performed using

air and argon as the blanket gas, and a dynamimpeate of 10 °C/min was utilised.

In the MDSC 2900 (TA Instruments) samples were psgkated in pin holed aluminium pans.
Therefore the samples sizes are much smaller th@setin the microwave experiments. HDSC
experiments were performed using sample pans whiehe of cylindrical design and were
constructed of quartz. The pans measured 20 mmmyn&herefore the sample sizes are directly
comparable with those of the HPB cell. TGA runéised alumina crucibles.

When modulated experiments where performed to aseresensitivity, a heating rate of 3 °C/min

was used with a modulation amplitude of 0.5 °C aperiod of 60 seconds.

7.1.2 Instrumental resolution of non-dielectric evets in MWDTA

The resolution of events that occur at temperaturesose proximity to each other is an important
ability in thermal analysis. Traditionally, increak resolution is obtained via very slow heating
rates (typically 1 °C/min), resulting in very longnd impractical experimental times. The
decompositions of potassium and sodium bicarboaatarr in the region of 110 °C to 210 °C.
When a equal mixture of the two are heated thedwants are almost fully resolved at a rate of 1
°C/min [43]. It can be seen from the conventiondlADtrace below, that sensitive apparatus can

show partial resolution between the two eventastefr dynamic heating rates (10 °C/min).
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Graph 64: HDSC experiment of a mixture of 50:50 sadm bicarbonate: potassium bicarbonate performed
under argon.

In order to determine if the same resolution cdutdachieved in MWDTA the experiment was
repeated in the HPB cell at the same heating s 40 mg of the sample mixture.

MWDTA 50% Potassium bicarbonate 50% sodium bicarbon  ate IH0754

350 - — 0
| Heating Rate (C/min) 10
| Final Temp (C) 600
Percentage of active sample 50 % /50 %
4 stub tuning status Manual - -2
Sample weight (mg) 40
300 4 Iris position (mm) 138
Iris (mm) 28x15
104 (0.5) Cell HPB s I
mixture material SiC
Principle T/C Reference
250 4 133T (0.s) [ Tuning position (mm) 120.5 +* 6
Comments Argon 80 ml/min
-+ 3
200 4 —— Sample temperature
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Graph 65: MWDTA experiment of a mixture of 50:50 salium bicarbonate: potassium bicarbonate performed
under argon.
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The experiment showed good resolution between wlee dvents with good agreement of peak
temperatures obtained from the HDSC.

With the ability to monitor both dielectric and bkatpy only transitions (with good resolution
between events) MWDTA looked to be a promising adement to the field of microwave thermal

analysis.

7.2 Study of organic fusions using MWDTA

The melting point of organic materials is a us@idperty for organic and pharmaceutical chemists,
as it can be used to characterise compounds amdndee purity. The usefulness of thermal
analysis in determining melting temperatures isl wstablished, and is the sole application for
industries where highly accurate measurements twelee obtained. The melting process involves a
material transforming from a solid state to a ldjwstate. The energetics required for this
transformation results in a lag in the sample teadpee during a dynamic experiment. Therefore a
sample requiring a relatively large input of enefgpdothermic melt) will result in a relatively
large negative peak in the DSC/DTA trace (assumaxgthermic processes are positive).
Microwave experiments differ from conventional expents since the energetics of a process can
be overshadowed by the changes in tas a sample’s main mode of heating changes fromi©h
to dipolar polarization (usually a large effect andt thought to be dependent on the energy
required to reorder bonds). However, the natur¢heffusion transition opposes the changes in

coupling ability.

In this section a range of standard organic mdseware subjected to a dynamic heating rate of 10

°C/min under argon in both microwave and converdi@xperiments.
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7.2.1 Benzoic acid
@)

OH

Benzoic acid has been recommended as a calibnatzarial by IUPAC [45] as it exhibits “ideal”
behaviour. Ideal behaviour refers to a sample wtial well defined and repeatable points of
melting and evaporation. Benzoic acid is also tériest to the microwave chemist as the melting is

accompanied by a notable dielectric change [17].

4.64 mg Benzoic acid 10 T/min

04 122C (0.5)

-10 4

-15 4

DSC/ mw

-20 4

-25 4

-30 4

125 (pk)

-35 g g g g g g g
50 60 70 80 90 100 110 120 130 140

Temperature (T)

Graph 66: MDSC experiment of benzoic acid performedinder argon.

Graph 66 shows the DSC measurement of benzoic Aniéxtrapolated onset at a temperature of

122 °C with a peak temperature of 125 °C was resuhrd
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MWDTA 100% Benzonic acid IH0970

180

Heating Rate ( T/min) 10
Final Temp (T) 150 < 05
Percentage of active sample | 100%
160 4 [4stubtuning status Manual
Sample weight (mg) 20
Tris position (mm) 138
Iris (mm) 28 x15
Cell HPB
140 4 [mixture material A
Principle T/C Reference
Tuning position (mm) 1205
Comments Argon 105%
Sample flow 0%
Alumina sandwich

+-15
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120

5 35
< 100 { 0
= -
B
5 45 <
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3
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—— Sample temperature
40 Reference temperature | T 65
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Graph 67: MWDTA experiment of benzoic acid performal under argon.

The MWDTA (Graph 67) run showed a close correlationthese transition temperatures. The
microwave experiment also recorded a repeatabisitran at 118 °C which was not clearly seen in
the DSC experiments. This transition temperaturpeags to be correlate with the partial

sublimation of the sample prior to the melt [45)b8mation or the conversion from a solid to a gas
requires at some point increased mobility of théeaule therefore making the sample more likely
to be more susceptible to dipolar polarization itesyiin an increase in coupling (which is quickly

lost as the sample becomes gaseous. In a microggeriment there is an increased possibility
this event is more noticeable, as unlike conveufi@xperiments it is no longer solely a surface

effect as the bulk of the material will have ob&adrthe same energy as the surface.

The second recorded transition in the microwaveesrent occurred at 122 °C, the onset
temperature observed in the DSC trace. At thistpbm endothermic nature of the samples fusion
is evident by the lag in the sample temperature thedresultant negative peak in the MWDTA
trace. Near the peak temperature seen in the DR€ (L25 °C) the microwave trace starts to return
to the baseline as expected but as dipolar potaizhad become the main mode of heating there is
a increase in the baseline value (a microwave gff€his increase in the baseline is the oppodite o
DSC profiles where a negative sloping baselinesislly observed.
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To further investigate the transition seen at 1G&fior to the melting of the sample in microwave
experiments, a series of linear power experimengsewperformed. In these, the power is
programmed to increase independent of either tfeerece or sample temperature, which means
that the sample’s response to the applied wavieeagpplied power (although heating is still aided
by the reference) can be studied. The instrumestsgato increase the applied power by 0.5 %/min

(1.5 W/min) to a final power of 45 W. Atmospheriznclitions remained the same.

MWDTA Linear power Benzoic acid (BZ3) ACS grade IHO 619

180 3
Power Rate (%/min) 0.5
Final power (W) 45 —— Sample temperature
Percentage of active sample 100%
160 9 4 stub tuning status Auto Refe_rence temperature T2
Sample weight (mg) 50 — Applied power
Sample cell HPB
Iris position (mm) 138 DTA *1
140 4 Iris (mm) 28 x 15
Reference material SiC
Principle T/C N/A b 0
4 Tuning position (mm) 124
120 1 Comments Argon 105%
Alumina sandwich
2 .
E 100 9 o)
g P23
o =
2 804 e
£
3] k-3
fig
60 9
P-4
40 9
P -5
20 4 b -6
0 — y y y y y 7
0 5 10 15 20 25
Time (min)

Graph 68: Example of a typical linear power MWDTA experiment of benzoic acid under argon.

The results showed the same pre-step to the msd#tredd in both MWTA and MWDTA occurred 5
°C earlier. This depression of the transition terapee is probably attributed to several factors,
including the elevated power level at the pointha transition and the temperature range of the
unknown transition. The slope of the differentiace also changed after the transition, indicating
the molten sample couples to microwaves better thenpre-transition sample. Another feature
which was shown by the linear power experiment thasproportion of the applied power which
the post transition sample takes in relation to ghetransition sample. Comparing the reference
trace (orange line) and sample trace (red lin@y dlfte differential peak temperature (121 °C)art ¢
be seen the reference temperature falls while samebusly the sample temperature increases,

indicating the sample is using a higher portiothef applied power than before.
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The experiments also showed an interesting instnunfieature. The heating program in all
temperature rate controlled experiments is sefstit “start”, meaning a power of 5 % (15 W) is
applied at the start of the run. The linear heatingeriment showed that below 3.333 % (10 W) no
heating occurred in the sample or the referenamyisty heating for this susceptor required at least

10 W of applied power to cause interaction or esatisfy boundary conditions.

7.2.2 Stearic acid

@

CH3(CH2)15CH2)J\OH

Stearic acid (also known as octadecanoic acid) iseful fatty acid obtained from animal or,

vegetable oils and fats which have found many coroialeuses. Great interest has been given to
stearic acid in the field of PCM materials for hetdrage. As with benzoic acid the fusion of the
compound is accompanied with a change in the naditeielectric properties and as such has

made it a well used material in the developmerthefmal microwave techniques [18].

2.88 mg Stearic acid 10 T/min

66T (0.S)

-10 <

-15 <

DSC/ mw

-20 4

25 <

71C (pk)

-30

40 45 50 55 60 65 70 75 80 85 90
Temperature (T)

Graph 69: MDSC experiment of stearic acid performedunder argon.

Graph 69 shows the extrapolated onset seen in 8t [@ofile (66 °C) indicating close correlation

with the MWDTA experiment, the same was also foumthe peak temperature (71 °C).
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MWDTA 100% Stearic acid IH0572

100 1
90 4 <+ 0
80 9 * -1
70 4 * -2
— Sample temperature
o 601 Reference temperature T3
o 68T (0.5) —DTA &
2 504 4 S
g P
= [a)
g 40 4 Heating Rate (C/min) L 5
= Final Temp () 90
Percentage of active sample 100%
30 4 4 stub tuning status Auto + 6
Sample weight (mg) 40
Iris position (mm) 138
20 4 lris (mm) 28 x 15 * -7
Reference material SiC
Principle T/C Reference
10 4 Tuning position (mm) 122 * -3
Comments Silica wool base
Alumina sandwich 72T (pk)
0 y y v v v v v v v -9
55 5.7 5.9 6.1 6.3 6.5 6.7 6.9 7.1 7.3 7.5

Time (min)
Graph 70: MWTA experiment of stearic acid performedunder argon.

On closer examination of the microwave differentiedfile (Graph 70) of the peak there appeared
to be a shoulder in the lead into the peak minimuihis was believed to be due to the highly
endothermic nature of the fusion just prior to thaximum rate of change, forcing the sample
temperature further behind the reference (72 °Qpiog an increase in the differential signal. A
large change in coupling was not observed in taiges of experiments due to the formation of a

dimer which has no overall dipole.
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7.2.3 Benazil

O O

The melting of benzil has a strong and well docureeulielectric change [16, 42] at 96 °C.

2.84 mg Benzil 10 T/min

01 93T (0.5)

-10

DSC/mw

-15

-20 4

96T (pk)

-25

60 65 70 75 80 85 90 95 100 105 110
Temperature (C)

Graph 71: MDSC experiment of benzil performed underargon.

The extrapolated onset can be seen in the DSClgrakiove to occur at 93 °C. The peak

temperature was found to be 96 °C.
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MWDTA 100% Benzil IH0928

140 2
120 4
Al
100 4
)
—~
£ 804
° Heating Rate ( C/min) 10 6]
5 Final Temp (T) 120 —— Sample temperature
= Percentage of active sample 100% P-4 —~
© 4 stub tuning status Manual Reference temperature <
g Sample weight (mg) 20 —DTA &
e 60 < Iris position (mm) 138 o
5] Tris (mm) 28 x 15
[ Cell HPB
mixture material N/A
Principle T/C Reference - G
Tuning position (mm) 120.5
40 o Comments Argon 105%
Sample flow 0%
Alumina sandwich
b -
8
20 9
96T
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Graph 72: MWDTA experiment of benzil performed unde argon.

As with the other simple organic materials detailéak transition in the microwave experiments
occurred within close correlation to the DSC measwnts. The change in value of the baseline,
after the transition had occurred made this mdtefiaterest in MWDTA. It can be seen from the

DSC trace that there was no change in baselinetaireat capacity, whereas in the microwave
experiment there is a significant constant elevatbthe differential signal due to the increase in
coupling ability as the sample becomes molten. &tgeriment gave an indication of the expected

profile of a fusion process accompanied by a lakigkectric change.

7.3 Glass transition of polymers

In the manufacturing of synthetic polymers the glaansition temperature {JTis of great interest.
The glass transition temperature can be descrdmethe temperature at which the structure of an
amorphous polymer goes from inelastic to elastizioe versa. This does not affect the physical
properties of the material, but changes the hepaaty, thermal expansion coefficient, and free
volume. As there is no change in the latent heah@fmaterial these transitions are deemed to be
second order.
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DSC/DTA has been used for many years to identify gihase change. In order to determine if

MWDTA can be applied in this field, two of the m@stmmon amorphous polymers were tested:

polymethyl methacrylate

polystryrene.

The low energy of the transition meant it was wlljkthat the transitions would be clear on an
instrument that was not designed to monitor enggeslthough it was not known if the transition

had an accompanied dielectric change.

To gain further information (and because gisTa reversible transition) modulated DSC was used
Experiments were performed under nitrogen. The rabeld heating rate was set to 3 °C/min the

modulation amplitude was set to 0.5 °C per 60 s.

7.3.1 Poly (methyl methacrylate)

Poly (methyl methacrylate) or PMMA has found masesiin industry from thin film production to

a freezing point depressant of machine oils forauient work. The use of thermal analysis to
determine the glass transition of the polymer hasolme a useful characterization technique. The
different forms of the polymer affect the trangititemperature seen in TA. Isotactic, syndiotactic,
and atactic (60-61 °C, 105-111 °C, and 100-105 éspectively [46]). For these experiments the

syndiotactic form was used.
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5.47 mg Methyl Methacrylate mod
(amp.: 0.5 per.: 60 s)
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Graph 73: MDSC experiment of poly (methyl methacryhte) performed under argon.

Modulated DSC data showed the transition to octdrl8 °C in the forward direction and 116 °C

in the reversing signal.

Temperature (T)

MWDTA 100% Atactic poly(methyl methacrylate) IH0961

160 -17
140 4
P-17.5
120 <
P -18
100 4 —— Sample temperature
Reference temperature
—DTA g
80 9 [ Heating Rate ( C/min) 10 P-18.5
Final Temp () 120 B
Percentage of active sample 100%
60 4 |4 stub tuning status Manual
Sample weight (mg) 70 L 19
Iris position (mm) 138 )
Iris (mm) 28 x 15
404 | Cell HPB
mixture material N/A
Principle T/C Reference < -19.5
20 4 Tuning position (mm) 120.5
Comments Argon 105%
Sample flow 0%
Alumina sandwich
0 v v v v -20
12 12.5 13 13.5 14 14.5
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Graph 74: MWDTA experiment of poly (methyl methacrylate) performed under argon.
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The microwave experiment showed no distinct changee MWDTA trace at first glance, when
the trace was expanded around the expected tams#imperature it could be seen that there was a
small deviation in the trace, which possessed myadhvdielectric change (no alteration of the slope
of the baseline). The magnitude of this responseamy ~ 0.2 °C only twice that of the minimum
temperature difference the thermocouple could tecAs the sample size (70 mg) was three and a
half times more than a normal MWDTA experiment dhne response were so low it was agreed
that MWDTA was not a suitable technique for invgating the | of PMMA unless a more

sensitive temperature recorder could be used.

7.3.2 Polystyrene

H H

Polystyrene is among the most popular and widedd yslymers in modern times. It finds uses in
objects from plastic cups to thin film coatings.eTglass transition temperature of polystyrene has
been stated as being 95 °C although upon testirigS$ the mid-point of the transition indicates a
Ty at around 105 °C. The change in heat capacityolysp/rene during the glass transititn
usually easily seen in thermal analysis. It wasuigind this energy change may be recorded on the
MWDTA not as a dielectric change but as an enthal@nge.
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9.98 mg Polystrene 3 T/min
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Graph 75: MDSC experiment of polystyrene performedunder argon.
MWDTA 100% Polystyrene IH0957
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Graph 76: MWDTA experiment of polystyrene performedunder argon.

As a glass transition is a very low energy chasgednd order) with apparently very little dielectri
change, the response seen in MWDTA s likely todbe to changes in heat capacity (Cp). This
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assumption was further investigated using MWTA gt sample did not show any ability to heat
purely by dielectric losses and mixing it with aseptor masked the changes that were observed in
the MWDTA trace. Once again the size of the tramsiis too small to make a definitive definition
as the T, owing to the response having the same magnitsd@assible instrumental noise,

although there is a permanent change in the micrewdferential baseline at 105 °C.

The determination of glass transition temperatuse®wed the limits of the instrumental
temperature measurement capabilities, as a typatgstyrene transition is around 0.1-0.2C [47]
and the lower limit of the thermocouple is 0.1 M@WDTA did not seem to be successful in
identifying glass transition temperatures, thereflar MWTA to be used to determine these types

of transitions a more modern and sensitive thermpleoarrangement would need to be adopted.

7.4 Inorganic phase changes and decompositions

A number of inorganic materials are known to undeighanges in their crystal structure
(polymorphs) prior to fusion or before they decosgothis process of re-ordering is usually
accompanied by a change in energy and is showmemial analysis as a sharp endothermic peak

as energy is consumed.

The thermal decomposition of samples also is acemmep by a change in energy, which are
usually exothermic (oxidation). These decompostialso are associated with changes in mass or
more relevantly volume. A reduction in volume inmécrowave experiment is believed to have a
large effect in the sample’s ability to heat undweicrowaves. Under volumetric heating the
combination of both enthalpy and volumetric resgsnsas thought would give clear transitions in

the microwave differential trace.
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7.4.1 Calcium oxalate monohydrate

The thermal decomposition of calcium oxalate mowivate (Ca(COQ)1H,0) has been well
studied in the field of thermal analysis as it @sses three distinct and well defined

decompositions, which are commonly used to cakbnadss measurements in TGA [48].

As expected the three stages are accompanied hatiiges in enthalpy. The first, the dehydration
takes place in the temperature range of 100-20ntCgives rise to an endothermic peak on the
DTA trace.

The anhydrous material is subjected to another atepnd 400 °C which is attributed to the
formation of an intermediate carbonate before thble oxide formation. The response seen in this
step is dependent on the carrier gas, as the amingyarxysalt decomposes to the carbonate via the
loss of carbon monoxide. In an oxidising environirtele carbon monoxide can disproportionate to
carbon dioxide, the formation of which is showrb® exothermic as energy is realised during the
formation.

In an inert atmosphere the disproportionation doet occur and so the step is seen as an
endothermic peak. The final step to the commonesecoccurs at high temperatures (around 600

°C) where the carbonate loses carbon dioxide ieralothermic process.

CaC0,.H,0%%%® CaC0,+H,0
CaC,0, % ¥%® CaCQ+CO
(2co+0, ® 2C0,)

CaCQ % %% ® CaO+CO,

The details of the conventional experiment condisté testing 25 mg of calcium oxalate
monohydrate at a rate of 10 °C/min to 650 °C uniliewing argon, then in static air. The
decomposition was not taken to the formation of dkle as the equivalent microwave run had
complications reaching the upper temperature alvesioheating rates (this was overcome in
subsequent experiments detailed later in this @ectilt was thought that the dehydration step
would be accompanied with a small dielectric chafige formation of the carbonate in the second

step was not believed to have a noticeable digteciiange as the product formed or released was
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not one that was thought to couple to microwavispagh the loss in mass may affect the extent
of volumetric heating causing the sample tempeeaiutag further behind the reference than before

the transition.

10
194<C (0.S) 4$4t (0.9)
O -

%-10 -
E 518C (pk)
0-20 - 231C (pk)

_30 -

-40 v v v

0 200 400 600

TEMPERATURE / C

Graph 77: HDSC experiment of calcium oxalate monohyrate performed under argon.

The HDSC showed the dehydration to occur at arapatated onset of 194 °C peaking at 231 °C.
The carbonate formation appeared to have an omsgterature of 484 °C peaking at 518 °C.

MWDTA 100% Calcium oxalate IHO678

800 20
700 —— Sample temperature
Reference temperature +0
—DTA
600 o i
213 (0.s) T 20
500 9
e + -40
o ©
5 243<C (pk
£ 400 4 (k) =
g 5
£ 458CT (0.s) <+ -60
'9 Heating Rate ( T/min) 20
300 9 Final Temp (T) 700
Percentage of active sample 100%
4 stub tuning status Auto
Sample weight (mg) 20 <+ -80
Iris position (mm) 138 -
200 9 Iris (mm) 28x 15
Cell HPB
Reference material sic
Principle T/C Reference
Tuning position (mm) 120.5 + 100
100 9 Comments Argon 105%
sample flow 0%
Alumina bed
o v v v v v -120
5 10 15 20 25 30 35
Time (min)

Graph 78: MWDTA experiment of calcium oxalate monolydrate performed under argon.
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From the results of the two techniques (Graph &/ @raph 78) it appeared the dehydration did not
occur at the same temperature, with the extrapblatset occurring around 19 °C later (213 °C) in
the microwave experiment. On closer examinatiothef microwave runs it can be seen the first
point of deviation from the baseline is in factiserin the differential signal before the onsethsf
peak. This rise occurs at a temperature of 1904°CC earlier than the conventional run, an
acceptable variation for a dehydration transitisrtlee temperature of such an event relies greatly

on sample preparation.

The rise in the MWDTA trace is attributed to thetevaof crystallisation being evolved and briefly
coupling to applied power, thus increasing the dartgmperature before the endothermic nature of
the dehydration, accompanied with the loss of theewfrom the measurement area, overcame the

additional heating effect caused by the temponacyeiase in tan.

By extrapolating the pre-transition baseline it @so be seen that the post transition baseline is
lower than the before. This indicated the sampleoisonger heating as well as it did when it was a
hydrate. The DSC trace shows no such change iil@as®e it was assumed this was not a change
in heat capacity but rather a change in tacaused by the loss of a coupling group (water) or

volume of the sample.

The second step appears to have much more ofecttielchange which again can be seen by the
change in baseline after the transition. The MWDahows a fall in the differential signal which

never recovers and stays linear until the endettperiment.

This is believed to be a dielectric change causethé loss of volume aided by the endothermic
nature of the transition. Again the microwave amthwentional transition temperatures did not
appear to be in good agreement with each otheowdtih when the onset in the conventional trace
was expanded it showed the first point of deviafrem the baseline to occur at around 460 °C, a

close correlation with the microwave experiment.
This finding showed that the changes in transitemperatures seen between the conventional and

microwave technigues may not always be attributovéhe so called “microwave effect”, seen in

materials such as water but instead the possibditymicrowave thermal analysis detecting
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transitions by the first point of change from tteséline. Conventional thermal analysis tends to use
the extrapolated onset to record transitions gvés a more repeatable result but the true oreset ¢
take place several degrees before the extrapofaigd. The true onset is dependent on several
factors such as thermal conductivity of the samle, cell and the scale of the transition curve
before taking the reading. This allows the propdbkat microwave thermal analysis transitions
occur at the first point of change (explained by thduction of the time needed for the whole of the

sample to reach the transition temperature) to e fieasible.

As described earlier, in the microwave experimeliftjculties were encountered in reaching the
third transition in MWDTA mode at a heating rate1df °C/min. This was a problem seen in the
development of the instrument during experimentgre@lthe sample has a low tanin situations

of this type, the combination of heat losses fromn duter wall of the cell and the heat sink created
by the sample temperature, lowering the refereenogeérature (due to the inward thermal gradient)
resulting in increasing the applied power requifedthe reference temperature to reach the set-
point. This causes the instrument to reach its uppplied power limit before the completion of the
run. It was thought that if the time factor was osed from the run set-up then heat losses would

be greatly reduced and the experiment would betalieach the upper temperature.
The experiments consisted of testing 40 mg of émepde in the HPB cell under argon and applying

a constant power of 165 W (55 %) then monitoring thfferential, sample, and reference

temperatures over time till the sample temperateaehed 650 °C.
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Graph 79: constant power (55 %) MWDTA experiment ofcalcium oxalate monohydrate performed under
argon.

Unfortunately as there is no linear control ovex #xperiment it meant that fitting an underlying
baseline was difficult as the rate of heating clesngs the heat losses become more evident as
temperature increases. The advantage of this mebns the final temperature (not previously
obtainable when testing this material), could keched using only 58 % of the power need in the
dynamic experiments. The experiment also showeavarall heat rate of 153 °C/min meaning the
experiment took just under 3 %2 minutes, nearly @ubes less than the linear run.

The transition temperatures seen in both the line@ating and constant power microwave
experiments showed a correlation with each othmer,discrepancies most likely originating from
the differences in heating rates. The broadnesseotecond transition was also of interest. In the
linear heating run it seemed that there was adigtechange as it appeared that the MWDTA trace
did not return to the pre-transition value, the stant power run showed there was a recovery
although it was very broad (for this assumptioédarue a linear baseline had to be fitted to & non
linear trace). The broadness of the carbonate degsition is characteristic of carbonate
decompositions [28] and so showed a good examppeatflems that could be faced in MWDTA
experiments. The constant power experiment alsopastgd the theory that carbonate

decomposition would have little or no dielectriaole.
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Both the conventional and microwave experimentsewepeated under static air to determine if

when disproportionation occurred, it could be momatd by MWDTA.

20
488C (pk) 514<C (pk)
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TEMPERATURE / C

Graph 80: HDSC experiment of calcium oxalate monohgrate performed under static air.
Again there appeared to be a correlation betweeitvib techniques and as before even though the

extrapolated onset temperatures were different. fiFeepoint of deviation from the baseline was
shown to be at 420 °C in the conventional experiraed 414 °C in the microwave run.
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Graph 81: MWDTA experiment of calcium oxalate monolydrate performed under static air.

The results above from this set of experimentsragaowed MWDTA monitoring the first point of

change to be a probable assumption.

The decomposition of the carbonate and subsequsptogortionation was shown in both the
constant power and linear heating techniques t@ leapositive response in the DTA trace. The
negative change in baseline in the MWDTA tracerisbpbly due to the loss of sample from the

measurement area caused by the evolution of hesghging exothermic transition.

The experiment also showed that the sample chaasEgned for MWDTA was sufficient to

exclude air from the sample when required.
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Con. power 55% (165 W) Calcium oxalate IH1002

Qualitative MWDTA
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Graph 82: constant power (55 %) MWDTA experiment ofcalcium oxalate monohydrate performed under static
air.

During the constant power runs (Graph 82) a sligtablem with the loss of sample during
decomposition using this material was observed,nmeait could not reach the final transition
temperature under the same experimental condiagnthe inert run, although the same problem

was not observed in most other exothermic tramstiarising from increased coupling.

7.4.2 Copper oxalate hemihydrate

The thermal decomposition of copper oxalate hemigd has been thoroughly discussed in
previous chapters owing to its varying decompositimsutes under different atmospheric conditions.
It is well known that the residue will either maintbe composed of powdered copper metal or

copper oxide (both materials which couple strovghih microwaves).

Conventional measurements were taken using twouimsints, the Stanton Redcroft DSC1500 and
MettlerToledo TGA/SDTAS851e, in quartz and aluminaaibles respectively. Again the heating
rate was set to 10 °C/min. In the first instance #xperiments were performed in an inert

atmosphere (argon).
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Graph 83: HDSC experiment of copper oxalate hemihygte performed under argon.
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Graph 84: DTA-TGA experiment of copper oxalate hentiydrate performed under argon.

The results showed a correlation between instrusngith the onset of the exotherm (loss of carbon

dioxide) occurring between 270-275 °C. The variatid pre-transition endothermic response is
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thought to be due to differences in the sensitiofythe instruments, although there was a
correlation between the endothermic onset seehaelTGA and the HDSC trace between 258-259
°C.

The added information of the TGA curve stronglyitaded that under inert conditions the product
librated from the sample was carbon dioxide (26(4.8%) and therefore the residue was thought

to be Cu metal powder.

The microwave experiments were performed using glfrsample under Argon at a heating rate

of 10 °C/min also.

MWDTA 100% copper oxalate IHO836

600 120
Heating Rate (T/min) 10
Final Temp (C) 400
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hood < 80
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Graph 85: MWDTA experiment of copper oxalate hemihyrate performed under argon.

The results showed the first deviation from thdedéntial baseline to occur at 258 °C and the
extrapolated onset at 271 °C. The temperatureattsibuted to the change in dielectric loss was not
smooth, shown in the green trace as shoulderseitréimsition step at the temperatures 264 °C and
279°C. It is not known what occurs at 264 °C angassibly an artefact. The 279 °C transition
occurs at the same temperature as the peak maxwohuaine copper metal powder formation, the

point at which the main enthalpy effect had endied. at this point the full dielectric change cdul
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be witnessed as in previous experiments. The expeti showed copper metal particulates had an
increase in tan upon formation which caused the differential terapgre to rise sharply by 60 °C
the experiment was also an example of a system hthdtan exothermic transition and also
dielectric change, not seen in previous experimefte system indicated that the full effect of
changes in the materials ability to couple with nowveave energy did not occur until all enthalpy

effects had ceased regardless of whether theyexatbermic or endothermic.

The experiment was repeated under an oxidising sgherye. As before the same instruments were
used and the heating rate was set to 10 °C/mirer8ENterature sources show the decomposition to
take place via different routes under static af, [80]. The literature indicated the residue would
mainly consist of a mixture of copper oxides (aWwnomicrowave susceptor). The HDSC trace
showed the decomposition did not occur in a sistpage and was at a slightly elevated temperature

than the equivalent experiment under inert conaiitio
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Graph 86: MWDTA experiment of copper oxalate hemihyrate performed under air.

From the HDSC trace it was concluded that the getferated inert atmosphere facilitated the
formation of copper metal in the first instancedryving oxygen out until the carrier gas diffused
back giving rise to the oxide formation. Evidendéehos mechanism can be found in literature [28]
and also the mass gain seen in the TGA tracesatemhe decomposition.
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DTA-TGA 19.0365 mg Copper oxalate under air
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Graph 87: MWDTA experiment of copper oxalate hemihygrate performed under air.

The changes in coupling attributed to the coppeaahmowder (around 263 °C) and copper oxide
(around 280-290 °C) formation should be illustrabedhe MWDTA experiment as two distinct

steps in the differential trace. As in previous exmpents 20 mg of sample was tested at 10 °C/min.
A mixed gas consisting of 20 % oxygen 80 % argors wsed in order to try and retain some

insulation properties of the chamber and reducerthegradients to the outer walls.
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Graph 88: MWDTA experiment of copper oxalate hemihyrate performed under a mixed gas of 20 % oxygen:
80 % argon.

On analysis of the trace it could be seen thaetknare two distinct steps as expected, the onset of
the first transition occurred at 249 °C, correlgtito the first deviation from the baseline in
conventional experiments. The extrapolated onseheftransition occurs at 260 °C correlating to
the HDSC experiments. Once again the enthalpyeofrimsition can be seen by the change in slope
at 277 °C (the peak temperature of the copper rpetater formation). Unfortunately the response
and resultant increased heating rate caused threnment to overshoot the set-point and therefore
the full extent of second transition was maskedjcaited by the fall in reference temperature
(orange trace) and therefore applied power (nowshoas control was attempted to be restored.
The MWDTA experiments showed the second transitmrbe several degrees later than the
conventional experiments, but it did show the iaseein heating which arose from the greater

coupling of copper oxide to the applied power.

The reason for the sharp falls in differential temgture could not be fully explained, although it
was thought that is was due to either heat logséiset surroundings superimposed on temperature
alteration from PID control, or the formation ofs&ongly coupling species (CuO, copper metal
powder) which altered the optimum tuning of thetrmsient. Copper oxide absorbs microwave

radiation as well as (or possibly better than) SICMWDTA the formation of a new coupling
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species which was not turned in the initial insteminset-up has the potential of increasing the
reflections and/or having a greater affinity foe ipplied wave then the reference therefore causing

the reference temperature to fall resulting in@pdn the differential temperature.

7.4.3. Potassium methyl sulphate

The thermal decomposition of potassium methyl satipls not well documented in literature. It is
thought the compound undergoes a phase changsioa filnen a closely followed decomposition.
Conventional measurements were again taken ontbetADSC 1500 and the TGA/SDTAS851e. In
order to see all the transitions clearly the sampéss was increased to 30 mg in the HDSC
experiment, but to avoid contamination of the TG#adh (due to the sample creeping) the sample
remained at the routine 20 mg and a 50 mg lid weisrpplace. Again the heating rate remained at

10 °C/min and all experiments were performed umuent atmospheres (argon).

% 10 -1 118T (0.s) ahS e 258 (0.S)
~ 0 -
§ 10 - 125 (pk)
20 - 234<T (pk)
-30 -
-40 -
-50 T '
40 240 440

TEMPERATURE /<C

Graph 89: HDSC experiment of potassium methyl sulpate performed under argon.

The HDSC trace showed three transitions, and irrotd further understand the processes, the

TGA trace was also studied.
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DTA-TGA 19.02 mg Potassium methyl sulphate
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Graph 90: DTA-TGA experiment of potassium methyl slphate performed under argon.

In the TGA experiment (Graph 90) no weight loss apgarent during the first transition indicating

that it was likely to be a solid-solid phase changa fusion. The transition temperature was in the
region of a possible dehydration but the lack ofght loss supported the theory of the phase
change. The mass losses appeared to occur closeing/ the second transition were suspected to
be the fusion of the material. It was believed ttating the fusion the sample also begins to
decompose. The decomposition appeared to be erathar both the HDSC and the TGA trace

and quite vigorous. The correlation between the ¢tanventional techniques was generally good
with the extrapolated onset of the solid-solid ghasange occurring between 115-118°C, and the
fusion between 205226 °C. The onset of the exotitetlecomposition appeared to occur between

250-258 °C.
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MWDTA 100% potassium methyl sulfate IHO797
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Graph 91: MWDTA experiment of potassium methyl sulfhate performed under argon.

There appeared to be poor correlation betweeniti@mgemperatures in the conventional runs
when compared to the microwave experiments. The MWIiraces showed the phase changes to
occur several degrees earlier than the conventitvaaks. Although this lowering of transition

temperature is seen in many MWDTA experiments,ait cisually be related to a feature in a

conventional experiment. This was not easily treeaaith potassium methyl sulphate.

The first transition seen in the microwave expenté@Graph 91) shows no dielectric change
indicating an enthalpy only transition not usuagen for a solid-solid phase transition in MWDTA
experiments, although any changes in the basetinkel have been overshadowed by the magnitude
of the following transition. The second transitisrseen around 171 °C and is shown as a large rise
in differential temperature due to a change in tamd is believed to be attributed to the fusion of
the material. The discrepancy in the transition gerature is again believed to be due to the

microwave responding to the first point of chanféhe material.
Unfortunately the magnitude of the response redubedresolution of the experiment. At the

maximum of the 171 °C transition the sample tempeeareached 239 °C (the peak temperature of

the HDSC experiments), at this point the differ@intemperature appears to dramatically fall
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indicating that the phase change has an assoahtetye in tan but the product has possibly a
low dielectric loss, although as the next tranaiti® quickly reached the overall effect could net b
observed. It is believed the analyte has changau the starting material to a species with less
dielectric loss. The final transition observedhie MWDTA trace is the temperature rise at around
243 °C thought to be a result of the exothermimdgmosition of the material, closely followed by a
dramatic fall in the differential temperature résgy from the loss of material from the sample

section, producing a residue which heated purelgdmguction from the reference.

A reheat of the residue showed no transitions pseard for a decomposed material as the material

had fundamentally changed.

MWDTA 100% Potassium methyl sulfate 2nd Heat
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800 < Heating Rate ( C/min) 10 < 300
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o 5004 Tuning position (mm) 120.5 0
5 Comments Argon 80 ml/min 4 150 -
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Graph 92: MWDTA experiment of potassium methyl sulfhate second heat performed under argon.

To further understand the decomposition of the netand in order to understand the causes of the

responses seen in the MWDTA trace the weight losbtsned in TGA experiments were studied.

The decomposition appeared to take place overgesta
1. 16.77% @ 201°C
2. 13.22% @ 403 °C
3. 6.67% @ 539°C

2KCH,S0, ® K,SOyq +(C,H, +H,0), =16.77 %
2K,SQ,5 ® 2K,0,¢ +(250),, =19.89 %
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From the mass losses it was believed that the degsition evolved ethane (which

disproportionated to methane in some cases) andrviidm the material leaving a residue of
potassium sulphate. The second higher temperagoengposition evolved sulphur dioxide leaving
potassium peroxide. The similarity of peroxides aritles may have explained the loss of coupling
as previous experiments have shown some metal ©xeadcium oxide) tend to have poor dielectric

losses.

7.4.4 Tungstates

It was believed the study of alkali tungstates tte&l potential of giving a further insight into the
possible trends that may be exhibited when usingDMW. A selection of mono tungstates were
chosen with varying cation sizes. From the literatib1] it can be seen that as the cation changed
the lattice structure also changed. Lithium, sodiana potassium tungstates were chosen, with
rhombohedral, cubic, and monoclinic structures eespely.

All of the starting materials conformed to the sdorenula of X,WQO,. It was therefore thought that
if microwave heating was dependent on the lattien tthe differences in coupling ability would be

expressed by changes in the magnitude of the resparserved at solid-solid transitions.

Tungstates were chosen since their crystallinecttre is always imperfect. Materials which
contain impurities such as vacant lattice sitetgrgtitial atoms or exhibit dislocations can dihgct
affect the microwave heating rate. Even though nibeber of these defects is small they can
decrease the energy gap between conduction bardlsyalence bands and increase electrical
conductivity [52].

7.4.4.1 Lithium tungstate

Lithium tungstate has the smallest cation of tlstee tungstates. It was reported to be a poor ionic
conductor [53] which was thought would affect thé¢eat to which microwaves would heat the

material and in turn the response of the transitiotie applied power.
It is discussed in literature that lithium tungstaindergoes a solid-solid phase change prior to the

melt. Unfortunately the literature did not agreetha melting temperature, therefore the melting

point could lie between 730 °C [53] and 1128 °C][9he transition temperatures of this specific
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material were obtained by testing 25.49 mg of #repge on the HDSC at a rate of 10 °C/min under

argon.

100
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g 04 584<C (pk)
@) 691T (pk)
730C (pk)
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Graph 93: HDSC experiment of lithium tungstate perbrmed under argon.

The result showed three transitions. The firstditean at around 483 °C (extrapolated onset) was
very weak and is thought to be due to possible digtiypn of the sample. Although the sample is
stated as being in the anhydrous form, lithium coumals are known to be hygroscopic in nature
therefore may have become hydrated to some exteimgdstorage. Yahayet al [54] discusses the

same situation and proposed (using evidence fronD XRtterns and TGA measurements) the
anhydrous form was a product of the dehydratiothefhydrated form at high temperatures (above

470 °C) and therefore the experiment proceeded by:-

7Li WO, 4H,0 ® 5Li, WO, + Li W,0, + 2LiOH .H,0 +H,0

It has also been discussed in Nagasakil [55] that after a detailed XRD study pure\MO, has

no phase transition before the melt, and the phassitions seen in thermal studies arise from a
eutectic being formed between,WO, and LpW,0; further strengthening the route posed by
Yahayaet al[54]. Nagasket al also state that a phase change froghiQ, (1) to Li;,WO;, (1) does
exist although it is thought to be very slow.
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The second transition at around 677 °C (extrapdlateset) is believed to be a solid—solid phase

transition closely followed by the onset of the nal730 °C (peak minimum).

The MWDTA experiment experienced several problenth vesolution at the standard sample size
(20 mg) therefore the sample size was reduced ng5Experimental conditions were the same

with the heating rate remaining at 10 °C/min unakgon.

MWDTA 100% Lithium Tungstate IH1019

1000 Heating Rate ( C/min) 10 %
Final Temp () 900 —— sample temperature
900 4 Percentage of active sample 100% Reference temperature <+ 30
4 stub tuning status Manual
Sample weight (mg) 5 DTA
800 4ris position (mm) 138 + 25
Iris (mm) 28 x 15
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700 4 Mixture material N/A <+ 20
Principle T/C Reference
Tuning position (mm) 120.5
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S Sample flow 0%
o Alumina sandwich S
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Graph 94: MWDTA experiment of lithium tungstate performed under argon.

The results showed the dehydration of the sampéraind 453 °C (extrapolated onset) as in the
conventional run. It can be seen the endothermigre@aof the transition counteracts the dielectric
change until the expulsion of water vapour increabe coupling for a short time. Following the
loss of water from the sample area the overall togmf the sample is reduced as expected from
the low conductivity of material discussed previgust this point the sample was expected to be a
mixture of LbWO, and LpW,0O; (the expected starting material). As the sampleperature
approaches 600 °C there is a sharp increase im#terial’s dielectric losses due to the phase
change and the temperature rise is around 40 16 && mg sample. Unfortunately even at these
low masses the adjacent transition was lost angfitve the fusion endotherm was not observed in

this mode of microwave analysis.
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In a bid to combat the problem of resolution theeskment was repeated in MWDTA (MWTA)
mode in the HPB cell, where the temperature wagralbed by the sample temperature not the

reference, in theory allowing for faster resportedgrger changes in coupling.

MWDTA(MWTA) 100% Lithium tungstate IH1017

1000 25
Heating Rate (C/min) 10
Final Temp () 900
900 9 Percentage of active sample 100%
4 stub tuning status Manual <+ 20
Sample weight (mg) 5
800 9 Iris position (mm) 138
Iris (mm) 28 x 15
Cell HPB <® 15
700 ' mixture material N/A
Principle T/C Sample Sample temperature
600 Tuning position (mm) 120.5
5 Comments Argon 105% Refe.rence temperature 1
o Sample flow 0% — Applied/W 8]
% 500 Alumina sandwich —DTA p
3 697C (pk) 5
5 N
@ 4004
690C (0.5)
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200 4
620T (pk) b -5
100 4 597C (pk)
0 y y y y y T -10
20 30 40 50 60 70 80 90
Time (min)

Graph 95: MWTA(MWDTA) experiment of lithium tungsta te under argon.

Again the experiment showed a drop in couplingratiad 472 °C associated with the dehydration.
Both the applied power trace and the differentiavged a transition occurring between 600 °C and
612 °C associated with the phase change. The changede allowed the melt to observed around

700 °C, although the true magnitude of the tramsgtiwas dramatically reduced.

7.4.4.2 Sodium tungstate dihydrate

Sodium tungstate has many uses such as the pliepacdtcoated electrodes and fire retardants
[56]. The response to heating is known to proceedtive loss of the two water molecules in a
single step, then a solid-solid phase change, lgldeowed by the melt. The phase change is
known not to be a single transition but two closatgurring ones:
580 °C
620 °C [57]
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HDSC experiments were performed using 25.49 mgekample (as with lithium tungstate) on the

HDSC at a rate of 10 °C/min under argon.
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Graph 96: HDSC experiment of sodium tungstate dihychte under argon.
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Graph 97: DTA-TGA experiment of sodium tungstate dhydrate under argon.
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The traces clearly showed the dehydration with meebtemperature of around 81 °C. The HDSC
(unlike the TGA) did not show any evidence of twllape changes occurring. It is possible the
instrument was not sensitive enough to be able¢ord the to transition. The melt was clearly
recorded at an extrapolated onset of around 689 °C.

MWDTA 100% Sodium tungstate IHO765

900 160
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800 1 Final Temp (T) 800
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700 4 Sample weight (mg) 15
Iris position (mm) 138 + 100
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Graph 98: MWDTA experiment of sodium tungstate dihydrate under argon.

The sample size was reduced to 15 mg for the MWIZKperiment to increase resolution, once
again the heating rate remaining at 10 °C/min uraagon. The microwave induced dehydration
continued over a shorter range then the convertiexeriments. The onset of the transition was
recorded around 104 °C, approximately 23 °C ldtantconventional heating. The recorded peak
temperatures of the first transition from the difiet techniques were within several degrees of each

other giving a good indication that there was siiteptable temperature calibration.

The second transition possessed a large respotise &pplied microwave power resulting in a 100
°C rise in temperature (compared to a 0.96 °C s&&n in conventional experiments with larger
masses), although the onset temperatures did malat with conventional experiments. At first
glance it appeared the transition was around 4@&my under microwave radiation. It was not
believed this was a so called “microwave effec&rtfore the HDSC trace was expanded around

the transition temperature seen in the MWDTA trace.
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It was observed in the HDSC run that there isghslileviation in the baseline leading into the main
onset of the transition, indicating the first poaftchange in the sample. At this temperature it is
likely that the parts of the sample closest to fimaace walls, and therefore possessing the most
energy were changing, the response getting bigg#reabulk of the sample receives enough energy
to transform (thermal mass) shown as the main amesetrded, usually later than the first change in
a dynamic run. As the sample is heated volumelyical MWDTA the first point of change is the
same as the change of the bulk material, removiegdependence of the onset temperature on
thermal mass. The experiment further supporteddea of MWDTA being sensitive to the first
point of change of solid materials (giving riseld@ver than expected transition temperatures). The
fusion also appears to occur slightly early (arodd°C) than conventional methods again the
temperature correlated with the first point of ajp@aron the expanded HDSC trace. The sodium
tungstate experiment was another good example wf the enthalpy opposes dielectric change
during endothermic transitions. The latent heafusfon of the transition (672 °C) was so strong
that it halted the temperature rise caused by kzese change (allowing resolution to be conserved)

before the full microwave response could be obskrve
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7.4.4.3 Potassium tungstate

Potassium tungstate has the largest cation oflkadi sungstates tested in this research. Litetur

states that upon heating, the sample undergoephase changes, the first occurring at 367 °C £ 5
the second at 461 °C + 5 [58]. Conventional expenits were performed on the HDSC 1500

utilizing 24.95 mg of sample heated at 10 °C/midemargon.
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Graph 99: HDSC experiment of potassium tungstate wher argon.

The results showed the first transition clearl3a8 °C (extrapolated onset) which agreed with the
literature. The second expected transition (461 W@s not clearly seen although around the
expected temperature there was a slight chandeeibdseline which could possibly be a very weak
transition. The final recorded transition was theidn at 921 °C (extrapolated onset) curiously the
slope of the baseline changes leading into the fransition, noticeably around 600 °C.

In order to record the polymorphic phase changahenMWDTA experiment the sample size had

to be increased to 100 mg, five times the normaipda size for a MWDTA experiment. The
samples were tested at 10 °C/min under argon.
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MWDTA 100% Potassium tungstate IH1022

900 20
Heating Rate (T/min) 10 794C (pk)
Final Temp () 900 |
Percentage of active sample | 100%
800 < 4 stub tuning status Manual
Sample weight (mg) 100
Iris position (mm) 138 P O
Iris (mm) 28 x 15
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mixture material N/A
Principle T/C Reference
Tuning position (mm) 120.5
600 o Comments Argon 105% <+ 20
Sample flow 0%
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Graph 100: MWDTA experiment of potassium tungstateunder argon.

The results showed poor response to the phase eleway at the increased sample size, with the
first transition weakly recorded (taking into acobuhe magnitude of the following transitions).
The MWDTA experiment showed the first transitiorss dccur around 16 °C earlier than the
extrapolated onset seen in the HDSC. The shiftainsition temperature could not be explained as it
did not correlate to any significant change on dwmventional curves. Overall the transition
appeared to have no dielectric change and a weakgehin enthalpy. The second transition
recorded on the HDSC (475 °C) seemed to have amalréhange in enthalpy which was below the
sensitivity of the MWDTA and not a dielectric ch@ad herefore it was unable to be recorded in a
microwave experiment. Strangely the MWDTA recor@edignificant change in coupling at 642
°C, a transition not recorded in HDSC experimerise experiment showed how microwave
thermal analysis was able to clearly show transitubiich may be important in processes involving
microwaves, the extent of which would be missed¢onventional experiments. The transition at
642 °C in the microwave trace correlated to a ckangslope of the baseline leading into the melt
around 300 °C later in the HDSC trace. The MWDTAswaot recording the melt at this
temperature but rather responding to the causheothange in heat capacity that gave rise to the
increase in the slope observed in the HDSC expetsn@raph 99). The reason for the extent of

the rise still remains unknown. It is not thoudmattthe discrepancies were due to impurities as the
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same sample source tested in the HDSC was usdurk iMWDTA experiments. It is possible the

final transitions recorded (at 720 °C and 787 °@)ld be a result of the fusion although it occurred
200 °C earlier than expected, but the responsehef grevious transition meant the sample
temperature overshoot the consecutive transitioiciwivas too close to the upper temperature limit

of the instrument so the run was automatically teated.

7.5 Dehydration of bound species

The dehydration of inorganic compounds which domett before they reach their decomposition
temperatures was investigated. Comparing deconmpogigmperatures in different instruments is
not generally advised as many factors such as atmeos, heating rate, changes in impurities
between samples, orientation of crystals, latticairs, packing density, shape of the sample ceall an
possibly the catalytic nature of the sample parj,[d@n cause discontinuities between techniques.
The carrier gases in both the microwave and conweait techniques were argon. Conventional
measurements were made using a HDSC 1500 whichl @amdommodate 20mm x 6 mm quartz
sample cells with the same internal bore and netes the HPB cell. The heating rate was also
kept to a standard rate of 10 °C/min. The biggésadyantage of using differential techniques to
monitor decompositions is that the technique cagha information of the decomposition product.
Therefore certain responses cannot be explaingtegsmay arise from secondary reactions such as

disproportionation.

The literature discusses the possibility that dcertaxide types would not heat well under
microwave radiation [52] due to their positive reidbeing effectively shielded, as the metal radii
are small, resulting in small polarisability. Prews MWDTA experiments have found difficulties
in maintaining heating when group Il oxides haverb®rmed as the result of decompositions from
carbonates. It was believed that forming oxidemfioydroxides might give an insight into whether
the problems faced were due to oxides having adwfects in the cavity or if it was the method of

the formation which caused the complications.
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7.5.1 Magnesium hydroxide

Magnesium hydroxide has many industrial uses whictude flame retardants in polymers, as the
expulsion of water effectively dilutes the volatdpecies released on polymer degradation [59]. The

sample (25 mg) was tested using the HDSC at artgeedte of 10 °C/min under argon.
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Graph 101: HDSC experiment of magnesium hydroxide nder argon.

The results showed an onset temperature of aro88dQ@. The run also showed a shoulder prior to
the peak minimum beginning at 328 °C and leading ihe peak at 385 °C. A slight increase in the
heat capacity was also noticed after the transtiwse the oxide had been formed.

The MWDTA experiment required a relatively largengde size (40 mg) in order to obtain clear

results. The sample was heated at 10 °C/min undena
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MWDTA 100% Magnesium hydroxide IHO867
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Graph 102: MWDTA experiment of magnesium hydroxideunder argon.

The onset temperatures from the MWDTA did not dipserrelate with the main onset recorded by
the HDSC (293 °C) and only a small deviationT(= 1.2 °C) was seen in the microwave
differential trace around this temperature (299. “jere was a close correlation with the onset of
the shoulder discussed earlier (328 °C) and wighntlain onset of the MWDTA trace at 333 °C. It
was thought this was due to the increasing rateaiér lost from the sample at this point of the
decomposition. In many of the other dehydrationeexpents detailed in other sections water was
lost as free liquid, increasing the coupling abjlitesulting in an increase in the differential
temperature, then quickly vaporising, resultinghe temperature falling. With the decomposition
of hydroxides the water is removed in the form ofapour, as the high temperature means that it
could not exist in the liquid form at atmospherigeegsure. This vapour has no effect on the
dielectric loss of the sample as it is removed friti®d measurement area too quickly. It appeared
that the main change in coupling of the samplengditibecome evident until a large portion of the
water had left the material and therefore altetedsiructure. The shoulder in the MWDTA trace
occurred at around 365 °C close to the end of tloellder seen in the HDSC. At this point it was
believed that the enthalpy of the transition hagdasged any dielectric change. The peak temperature
recorded in the MWDTA experiment was several degtewer than the HDSC trace, possibly due
to differences in the instruments, or due to voltriméheating. Water is removed from the sample

far more efficiently in a microwave experiment theanductive heating resulting in a more rapid
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decomposition. The rise in differential temperatate376 °C (green trace) was not thought to be
due to an increase in tarbut rather recovery from the enthalpy effect. Tdweer value of tan can

be seen by the -5 °C difference in the pre-tramsibaseline and the value of the resultant oxide
baseline (between 42.2-50 minutes in the microviace). The sample continually lost heat in the
oxide form suggesting it was now solely heating adaduction and possibly storing more of the

applied wave (increasing the value of the lowetiparof the tan term).

7.5.2 Calcium hydroxide

Calcium oxide proved very hard to heat when it i@asned from the decomposition of calcium
oxalate monohydrate. In order to determine if trabfem was caused by the formation of the oxide
via a carbonate or if as mentioned previously @ertxides are just not suited to microwave
heating, the decomposition of calcium hydroxide wasglied. Again the samples were tested on the

HDSC at a rate of 10 °C/min under argon.
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Graph 103: HDSC experiment of calcium hydroxide unér argon.

The result showed the extrapolated onset to odcarcaind 433 °C, it could also be seen after the

transition there was a distinctive change in thegebae possibly indicating a fall in heat capacity.
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The MWDTA experiments consisted of using a largengle size of 40 mg to account for the loss

of volume during the decomposition and the usuatihg rate of 10 °C/min.

MWDTA 100% Calcium hydroxide IH0864

800 10
—— Sample temperature
700 9 Reference temperature TO
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600 9 <+ -10
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500 o _Final Temp () 700 -20
G Percentage of active sample 100%
S 4 stub tuning status Manual
o Sample weight (mg) 40 %)
5 Iris position (mm) 138
‘T 400 4 iris (mm) 28x15 -30 :(
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Alumina bed
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Graph 104: MWDTA experiment of calcium hydroxide under argon.

It appeared that the lack of coupling from the si@mesulted in a negatively sloping baseline as the
heating of the material arose solely from conduntiberefore allowing the reference and sample
temperatures to diverge. Unfortunately the HPB isatiot ideally suited for this type of heating and
therefore the negative sloping baseline was unabted The peak temperatures of the two
techniques were within 2 °C of each other althotigir onsets occurred 30 °C apart. After the
completion of the decomposition it can be seen thate was some recovery in the differential
temperature (the end of the endothermic transiisnn the case of magnesium hydroxide). The
post transition baseline showed the newly formedens to couple far less than the original
starting material (the difference inl = -13.7 °C). During the transition the referetemperature
deviated slightly from linearity possibly due tacirased conduction from the sample or the newly

formed material reflecting rather than absorbirgdbplied wave.
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The combination of the loss of coupling from thenfation of the oxide, and the heat losses from
the elevated temperatures in the calcium oxalgperxent was thought to be a large contributing

factor to the loss of control seen in previous expents where calcium oxide was formed.

7.5.3 Strontium hydroxide

Strontium hydroxide is the third of the group lldmgxides studied and has many uses including the
refining of beet sugars and stabilizers in plasfl¢t®e samples were tested in the same manner as the
previous hydroxides where 26 mg of the material walsjected to a heating rate of 10 °C/min
under argon in the HDSC.
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Graph 105: HDSC experiment of strontium hydroxide under argon.

The results showed the first transition occurrih@g @eak temperature of 107 °C owing to the loss
water of crystallisation. The next transition ogouy around 415 °C showed as a slight deviation of
the baseline leading into the main extrapolatecebskown around 480 °C (polymorph). Some
recovery can be seen which then runs into anothsetof around 497 °C (). The decomposition
temperatures appeared to fit with those suggestdditescuet al. [60] which also suggested the
possibility of a polymorph around 480 °C. The onsiethe fusion transition appeared to be a very

noisy transition until around 522 °C. The reasontfos noise was not given in this publication

244



Qualitative MWDTA

although it did mention that the transition ledoihe decomposition spanning three stages, finally
forming the amorphous strontium oxide by 700 °Ce Mwork of Makurinet al [61] gives the
possible explanation of the three stage decompasiiteing due to the rate of temperature diffusion
from the surface to the bulk which slowed due te tneation of a surface oxide layer, which

remained until the bulk of the material reached téraperature at which it could convert to the

oxide.
MWDTA 100% Strontium hydroxide IH0857
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800 9 Final Temp () 700 + 300
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—~ Principle T/C Reference
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Graph 106: MWDTA experiment of strontium hydroxide under argon.

The MWDTA experiment showed unexpected resultstlyithe sample appeared to heat relatively
well before the transition compared to similar lopddes under microwave radiation. Secondly the
transition had a very large dielectric responsekaenany of the other group Il hydroxides. The
response can be seen to be over 300 °C (the exaptitnde was not obtained as the heat evolved
from the sample altered the reference temperatdie¢. explanation of the magnitude of this
response is thought to be due to a combinatioacibfs:-

The increased coupling owing to the phase changited with dielectric change.

The partial sample melt

The larger electron cloud in the strontium ion lgemore polarisable than the other group Il

metal hydroxides studied.
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The other transitions seen in the conventional exmmts were thought to be lost in the
temperature rise seen in the MWDTA experiment wigalised formation of the oxide in a far
shorter time period than a conductive furnace,etfoee removing the problem of the bulk heating
slower than the surface.

The response, it seemed, was not a permanent chantgn as seen by the differential
temperature returning to a pre-transition valueratbe transition. It is thought this response aros
from the possible polymorph discussed by Dinestal [60]. The reason for its non-permanent
nature was the additional heating from the chamgéan , causing the sample temperature to
exceed the decomposition temperature, forming a neterial (strontium oxide) which was
thought to have similar ability to couple to micrave energy as the other oxides in group Il and
also a loss of volume during the transition. Tlasition temperature in the MWDTA experiments
showed no obvious correlation with the HDSC traaéhough it did appear to occur during the
deviation of the baseline mentioned earlier inHRESC experiments. It was believed that like most
other MWDTA experiments the instrument was respogdio the first point of change as the
sample started to undergo the solid-solid phasegsa
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7.5.4 Sodium bicarbonate

@)

M

HO ONa

The thermal decomposition of sodium bicarbonateedi characterised [62, 63] and documented
and its characteristic behaviour means that it $¢éaadard calibration material used in TGA mass
calibration. Although the transition is not believi® have any dielectric change it was thought that
the experiment would provide information on theidation of the instrument sensitivity in respect

to purely enthalpy transitions. The conventiongbenxments were performed on the HDSC 1500

where 25.41 mg of sample was investigated at artgeadte of 10 °C/min under argon.
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Graph 107: HDSC experiment of sodium bicarbonate uder argon.

The results showed the main extrapolated onsetdaraat around 117 °C and a slight increase in

heat capacity following the transition (indicatedthe increased value of the baseline).
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MWDTA 100% Sodium bicarbonate IH0728
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Graph 108: MWDTA experiment of sodium bicarbonate uinder argon.

The MWDTA experiments were also performed undeoargt a rate of 10 °C/min, the sample size
was increased to 30 mg to account for volume lossethe sample decomposed. The MWDTA
trace showed a slight increase in the value ofdifferential trace, and as with other hydrated
species the range over which the transition toacelwas smaller (possibly an indication of
increased resolution of transitions of this typeewhusing MWDTA methods). The extrapolated
onset occurred around 122 °C, 5 °C later than tm¥entional method. The peak temperature also
appeared to be premature by around 9 °C. The ewpetishowed the instrument was capable of

providing not only dielectric data but also entlyadpecific information with confidence.

7.5.5 Potassium bicarbonate

O

J

HO OK

As with sodium bicarbonate, potassium bicarbonatevidely used as a calibration material in
thermal analysis. Again the decomposition occurs ibroad single step and results in a slight

change in heat capacity after completion of theneveke the sodium bicarbonate experiment the
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conventional experiments were performed on the HDIBO0 where 25 mg of sample was

investigated at a heating rate of 10 °C/min undgos.
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Graph 109: HDSC experiment of potassium bicarbonateinder argon.

The trace showed an onset temperature (extrapdlatelb0 °C and a peak temperature of around
212 °C.

The MWDTA experiments were again performed undgoarat a rate of 10 °C/min, the sample

size was increased to 30 mg.

The MWDTA experiment again showed a change in beseifter the transition. Curiously in this
case the baseline change was far more dramatgptissible that the slight increase in the rate of
the decomposition due to water being lost at higleenperatures (shown by the slope of the
conventional trace compared to the sodium bicart@onan) may expel more of the material from
the sampling area, reducing the volume and in &ffecting volumetric heating and the sample’s
ability to heat. Once more the transition occurogdr a smaller temperature range then seen in the
HDSC experiment strengthening the possibility otager resolution when using microwave
methods.
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MWDTA 100% Potassium bicarbonate IHO800
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Graph 110: MWDTA experiment of potassium bicarbonat under argon.

7.6 Dehydration of water of crystallisation

The thermal decomposition of salt hydrates has bedhstudied for a number of years. Recently
these types of transitions have been used to ddermatmghe sensitivity of instruments and the
resolution of techniques. The problems associatiéu tve thermal dehydration of salt hydrates are
that the results are not always consistent andafieeted by many experimental parameters. The
main cause of these discrepancies is that theioeact reversible (depending on the vapour
concentration of the water in the surrounding aphese) due to the dehydration in a closed
environment. Regardless of the problems these tgpesamples were of great use to show the
resolution which was obtainable when testing samiat evolve strongly coupling species, such

as water, in close succession to each other.

The crystalline lattice of hydrates characterisljcaollapses when water is removed from the
system. Therefore the anhydrous form shows no simgdationship with the hydrate [64] which
was thought may have a possible effect on the ma#terconductivity and consequently its
susceptibility to Ohmic heating.
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7.6.1 Copper sulphate pentahydrate

The dehydration of copper sulphate pentahydrateisknown to proceed via the following route:-

CuSQ.5H,0%%%3® CuSQ.3H,0
2H,0,, ® 2H,0,

CuSQ3H,0%:%%® CuSQH,0
CuSQ.H,0%9%%® CusSQ

The first two events are usually not fully resolved when uaidgnamic heating rate of 10 °C/min

and the vaporisation of water can be seen at slower heating ratessu€&/min [43].

Both microwave and conventional methods consisted of heating &/lin to 340 °C under

argon.
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Graph 111: HDSC experiment of copper sulphate penteydrate under argon.

The HDSC trace showed all three transitions clearly at the stanéatthdn rate. Although as
suggested in literature the first two transitions were not fullylvesl, the experiments were unable

to illustrate the vaporisation of free water expelled from the firstitrans

251



Qualitative MWDTA

MWDTA 100% Copper Sulphate pentahydrate IHO706
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Graph 112: MWDTA experiment of copper sulphate pentahydrate undeargon.

Inspection of the microwave experiment showed that the transéiiopdratures were different, the
onset of the first dehydration taking place several degrees latethtbaDSC experiment. It is
believed this is again a result of volumetric heating. Waterniglaknown coupler to microwave
radiation and the subject of discussion about the so called ‘nagmeffect” owing to its elevated

boiling point under microwave conditions.

The cause of the discrepancies in transition temperatures is moyealiseiciated with the transfer
of energy. The heat capacity of water results in it requiring a relgatisrge amount of energy to
induce a temperature rise, which consequently increasing the tHagrathibited by the system.
In theory in a MWDTA experiment the bulk of the material ishet $ame temperature, therefore
overcoming the problem of thermal lag and reducing the leadhettransition and hence the span

of the peak.

It is suspected that the transition is not shown as absteguse the evolved material is lost from the
sample area and therefore does not remain to add to the ovetalghef the material. Evidence of
the sample being lost can be seen in the MWDTA trace (105 °@)ebdifferential temperature
rising above the baseline then promptly falling as the onséeasé¢cond transition is reached. The
rise in temperature is a result of the free water coupling to theedppdwer then boiling away, a
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transition not always seen in conventional experiments ah#aisng rate. This material showed an

example of the increased sensitivity of MWDTA for the detection o&icettansitions.

By the second transition’s peak temperature the MWDTA experinmentesd a return to baseline
with a peak temperature occurring within 6 °C of the conventiorealsorements. The onset of the
third transition (243 °C) again took place at an elevated temyperahd appeared to have little or

no change overall in tan

The magnitude of the response is believed lesser than expected thes aporised water not
remaining in the sample area for a measurable length of time, thdesfoireg only the enthalpy of
the transition being illustrated. This hypothesis could ktede$ a pressurised MWDTA cell could
be developed.

7.6.2 Calcium sulphate dihydrate

The use of gypsum (calcium sulphate dihydrate) has been usedugigviothis research in order
to determine how the newly designed HPB cell behaved in relatian RSC sample pan. The
decomposition of the material can either be in a single step (wlendpen pan) or it two resolved
steps when the vapour pressure is increased (as in a pin holed Ipayvortransitions types are
shown below. The experiments were performed on the MDSC andteahsf testing 3.62 mg in

both an open pan and the pin holed pan. All experiments wedeici®a under argon at a dynamic
heating rate of 10 °C/min.
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