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Abstract

The quest for ever stronger and tougher steels has lead to an interest in the
'Acicular Ferrite' microstructure, its chaotic and disordered morphology
imparting a high degree of toughness to the steel. To date, only complex and
expensive materials and manufacturing processes have formed acicular ferrite
within bulk cast steel. As such, the thrust of this research is to produce a cheap
steel addition, an iron - titanium oxide metal-ceramic composite, that will
facilitate the formation of acicular ferrite in conventionally manufactured bulk

cast steels.

The Self—propagati‘ng High-temperature Synthesis (SHS) process has been
utilised to manufacture the iron - titanium oxide material from compacts
pressed from Fe,O3 + Ti powders. The fundamental reactions that occur as
titanium powder and FézO3 + Ti powder compacts are heated in air and argon

_ . TN Precessis
atmospheres have been investigated. The@e‘sys m‘\(olved are reported and

have been modelled mathematically. A computer simulation of the reaction

process has been developed and tested against experimental evidence.

The effect of various compact parameters, the starting compact stoichiometry
and other processing variables have been examined with respect to the

composition of the products and their morphology.



Chapter 1

Introduction

Chemical reactions can be classed as endothermic or exothermic. Simply put,
endothermic reactions absorb heat and exothermic reactions release heat. A
simple exothermic reaction is the ‘reduction — oxidation’ reaction between Al
and Fe;0;. This is commonly called the ‘Thermite’ reaction. During the
reaction, the Al is oxidised and the Fe,;O; reduced, producing the products
Al,O3 and Fe. The reaction is sufficiently exothermic to melt both products.
Over the past 25 years the use of exothermic reactions to form useful products
has been investigated. The term given to these reactions is ‘combustion
synthesis’ or ‘Self-propagating -High-temperature Synthesis’ (SHS). The
process provides a simple and energy efficient way of manufacturing a variety
of ceramics, intermetallics and mixed metal-ceramic composites (MMC?s).
Notable examples of products that are successfully manufactured by the SHS

process are TiC, TiB, and TiN (Moore and Feng 19955).

Whilst titanium carbide, borides and nitrides have many uses in their pure
forms - tool inserts and coatings to name a few — they can also act as
significant reinforcement when added to steels. To this end, the last 8 years has
seen an increased interest in the application of the SHS process to form
MMC's. The formation of the ceramic component dispersed within the metallic
binder bypasses some of the problems of wettability and ceramic oxidation that

are encountered by conventional composite production processes.



The addition of certain ceramic pﬁrticles to steel may also promote the
formation of the desirable microstructure ‘Acicular Ferrite’. The microstructure
is produced when Bainite nucleates from ceramic inclusions within the grain,
rather than the grain boundaries, forming a disordered chaotic structure.
Significant improvements in the toughness of the steel are produced as a result.
Recent research has highlighted the high potency of titanium oxide bearing
inclusions in acting as nucleation sites for the acicular ferrite (Gregg and
Bhadeshia 1994a and Gregg and Bhadeshia 19945). To this end, the general
thrust of this research was to understand the SHS reaction processes that result
in an iron based MMC, containing titanium oxide based ceramic particles. The
reaction to produce this product was based around the starting components of

Fe,0; and titanium.

The SHS process has been researched at both fundamental and applied levels
over the last 25 years. Whilst there has been significant successes with the
épplication of the technology, the fundamentals that govern them are not so
well understood. This is due to the complex nature of the reactions; they occur
at very high temperatures with large temperature gradients and cooling rates
resulting in reaction conditions that are far from equilibrium. Thﬁs the first step
in this research was to understand the fundamentals that govern the reaction

between Fe,0; and titanium.

Initial investigations into the general oxidation characteristics of titanium were
followed by an investigation into the reaction between Fe;O; and titanium.

This area has received little attention in the literature and required a detailed



study of the fundamentals. Knowledge gained in this work was useful in
understanding the processes involved in the SHS reaction between powdered
Fe;0; and titanium. The stoichiometry of the reaction was investigated as it
was known that the product of the SHS reaction is dependent on the starting

composition.

The experimental knowledge gained was used to write a simple computer
programme that models the thermal history of a titanium powder pellet being
heated in air. This model was tested against experimental results to determine

its accuracy and viability.



Chapter 2

Literature Survey — Background Information

2.1 Historical Perspective.

The ‘combustion synthesis’ reaction is not new. As early as 1825 investigations
into this process were being conducted (McCauley 1990). From then, sporadic
investigations in Europe and America produced a wide variety of compounds,
ranging from nitrides, borides and carbides to phosphates, arsenides and
silicides. However, it was not until 1967, at the Russian Institute for Structural
Macrokinetics, that a systematic investigation into combustion synthesis
occurred. It was here that Borovinskaya, Skhiro and Merzhanov realised the
full potential of the process for synthesising ceramic and metal materials in a
cost and energy efficient manner (McCauley 1990). They not only looked at
the variety of materials that could be synthesised but also at the physical
parameters that occurred before, during and after the reaction. This area of
interest was coined ‘Structural Macrokinetics’. It describes the evolution of
structure in the course of chemical transformations taking into account heat and
mass transfer processes (Merzhanov and Rogachev 1992). A schematic of the
principle concept of structural macrokinetics is shown in figure 2.1. During the
research, the team produced a variety of different materials. Some of their
commercial successes include titanium carbide for ‘KT’ polishing paste and

Ni-Ti shape memory alloys for medical applications.



Since the mid 1980’s investigations into combustion synthesis reactions have
occurred all over the world, but most extensively in the U.S.A, Japan and
Russia. The early work was concerned with the variety of products that could
be formed by the process, however, recently there has been an interest in the
mechanisms of the many types of SHS processes - the area of ‘Structural
Macrokinetics’. Many of the recent papers examining SHS processes use the Ti
+ C = TiC reaction and consequently this is now fairly well understood. The
other emerging trend in SHS research is the application of the SHS process to
other technologies — Functionally Graded Materials (FGM’s), nanoparticles
and composite pipes etc., and the application of other technologies to the SHS
process. An example of this is the application of an electric current to a powder
compact (Gedevanishvili and Munir 1994, Feng and Munir 1994 and Shon and
Munir 1995). The generated electric field interacts with the compact to produce
heat and thus enables reactions with a low degree of exothermicity to combust
in the_SHS mode (Feng and Munir 1996). Other parameters such as the product

particle size are also seen to be affected by the field (Munir 1996).

Whilst interest is increasing, the study of the SHS process is still in its infancy.
The basics are understood, but the complexity of the process means that each

new reaction still has to be investigated from its fundamentals upwards.

2.2 Basic Principles

Self-Propagating High-Temperature Synthesis (SHS) is the name given to the

process of using self sustaining chemical reactions to produce desirable

5



products; ceramics, intermetallics and metal-ceramic composites. SHS
reactions are usually initiated in a compact of mixed reactant powders (e.g. Tis)
+ C) under inert conditions, or a compact of metal powders in an reactant
atmosphere (e.g. Tii) + Nag). The self sustaining nature of the SHS process
means that once the reaction has been started it will propagate through the
entire reactant mixture without any additional heat input. There are two modes
in which the reaction can be initiated; locally (SHS) or globally (thermal
explosion). In the former case, a compact is ignited by a localised heat source
such as a electrical resistance heated tungsten filament. Spontaneous global
ignition characteristic of the ‘thermal explosion’ mode is typically achieved by

heating the whole compact in a furnace.

The temperature at which the compact ignites (i.e. becomes self sustaining) is
termed the ‘ignition temperature’, Ti;. Once ignited, the reaction temperature
increases to the adiabatic combustion temperature, T,4. This can be in excess of
5000 K (McCauley 1990). The adiabatic combustion temperature is the
theoretical maximum combustion témperature that can be achieved in a system
with no heat losses. It is often taken as the maximum reaction temperature,
even though in practice the actual combustion temperature T., can be
significantly lower (Yi and Moore 1990). Full definitions of the terms used in
the understanding of the combustion synthesis process can be found in section

2.5 - Thermochemical Theory. A schematic of the process is shown in figure

2.2.



A typical reaction schematic is set out below:

AX+B= A +BX -AH 2.1)

An example of this is the ‘thermite’ reaction:

2A1+ Fe,03 = 2Fe + ALO;  (AH =836 kJ mol™ and T =3750K)  (2.2)

For the reaction to be self sustaining, the heat energy released has to be
sufficient to raise the temperature of the surrounding unreacted material above
Tig. For this to happen, it has been suggested that Taq > 1800 K (Yi and Moore
1990 and Moore‘ and Feng 1995). It is normal for reactions that are weakly
exothermic (Taq < 1800 K) to be ignited in the thermal explosion mode, as the
compact requires pre-heating to overcome the short fall in exothermic reaction
energy. Highly exothermic reactions (Ta > 1800 K) are usually ignited in the
energetically favourable SHS mode as they are self sustaining. SHS reactions

can generally be classified as:

1. Thermite type: Oxidation-reduction reactions:

2A1 + Fe,03 = ALLO; +2Fe (2.3)

2. Compound formation: Reaction from elemental or compound constituents:

Ti+2B=TiB; or 3Ti+B,C=2TiB,+ TiC 24

3. Mixed: Thermite and compound reactions:

3TiO;+ 3B,03+ Al = 3TiB, + 5A1L,0; (2.5)



A useful tool in the analysis of binary (two component) SHS reactions is the
classifications first developed by Merzhanov (1983). The classifications are
based on the adiabatic temperature and the melting and boiling points of the
reactants as shown in table 2.1. Most SHS processes are based around
compositions where at least one of the components is in the liquid state during
the reaction, a liquid phase allowing far higher reaction rates than solid state or

solid — gas reactions.

Table 2.1 Physiochemical classification of the SHS mechanisms in a

binary system. Merzhanov (1983).

Relation between T,q, Characteristics of the system Examples
Twand T,
Tu<Ty Ideal gas free combustion occurs Ti+ 2B =TiB;
i=1,2 if P(Tu) [P0 =0 Tus = 3200 K (To = 293 K)
Pri(3200K) =8 k Pa
P (3200K)=0.4k Pa
Gasless reaction only at high pressures
Tw' <Tu<Ty Both components in the liquid Ni + Al = NiAl
i=1,2 state. Tu=1910K
Ta (K): Ni = 1726, Al =933
Tp (K): Ni = 3373, Al = 2773
T' < Tea < Tp? Solid and liquid reaction. Highest Ti+C=TiC
propagation velocity. Tu=3210K
Ta" =1933K
TS =3973K
Tu<Ta Both components in the solid 2Ta+C=Ta,C
i=1,2 state. Lo‘v:l:(s)tc ;:tt;r‘nbusuon Tu=2600K,
Ta™ = 3269 K
T <Tu<Ty One component in the gas phase Widely used process, formation of nitrides,
and the other in the condensed sulphides, phosphides etc.
state.
Tu>Ty Both reactants in the gas phase Very few systems studied (Mg + S)
i=1,2 and solid product




2.3 Practical Advantages to the SHS Process

Due to the self-sustaining nature of the SHS reaction, it is energetically
efficient. Because of this, it has a distinct advantage over the traditional
production routes for the manufacture of ceramics, intermetallics and metal-
ceramic composites (Borovinskaya 1992 and Subrahmanyam and Vijayakumar
1992). The traditional manufacturing routes require the reactants to undergo
long periods in high temperature furnaces or plasma reactors. The equipment
required for traditional processing is both large and expensive. In contrast, the
SHS process is very quick. For example, the London and Scandinavian
Metallurgical Company UK (L.S.M.) are able to produce 30 kg of metal-
ceramic cémposite in under 5 minutes. Additionally, the equipment required to
enable SHS manufacturing is inexpensive, small and easy to scale up. An
example of a manufacturing route with details of the equipment required is
below:
1. Mix the reactant powders - ball mixer, tumbler.
2. Press (by hand or mechanically) the powders into a reaction chamber -
usually a graphite or silica based crucible.
3. Ignite the powders — various methods including oxy-acetylene torch and
chemical fuses.
4. Crush / process the product after the reaction has taken place -hammer

crush, ball milling and sieve.

The SHS reaction can be initiated in a variety of ways (Barzykin 1992). Some

examples are:



e Combustion Wave Ignition: Chemical fuses which are easy to ignite

generating sufficient heat to ignite the main reaction. Examples of chemical
fuses are mixtures of Al + Fe;0;. The benefits of the method are ease of
use and availability of the chemical compounds. However, contamination

of the product with the products of the fuse combustion may occur.

o Radiant Flux Ignition: A xenon bulb is focused to a small diameter

(~10mm@) on the top surface of the compact. It is controllable and there is
no chemical contamination of the compact. However, the power density is
lower than other ignition methods (~ 6 x10® W m?) and thus it is only
suitable for small or highly exothermic compacts. A more standard
approach is to use the heat flux generated by an electrically heated tungsten

filament, situated close to the top of the compact.

o Laser Induced Ignition: Laser radiation is utilised to ignite a compact.

Neodymium-doped glass, ruby and caesium bromide lasers have all been
successfully used. Flux densities as high as ~ 10'' W m? are realised, -
which is sufficient to melt and vaporise components in the compact. The
power and cleanliness of the ignition method are contrasted with its

expense.

e Chemical Oven: The heat produced from highly exothermic chemical
reactions is utilised promote another reaction of much lower exothermicity.

This is different from ignition by the chemical fuse method as the two

10



reaction compounds are intermixed within the compact. An example of this
is the highly exothermic Ti + C = TiC reaction, which is used to produce

tungsten carbides, WC, via the reaction 2Ti + W + 3C = 2TiC + WC.

The effect of the heat source on the ignition of SHS reactions has been

investigated by Kanuary and Hernandez-Guerrero (1995).

In contrast to conventionally produced materials, SHS products are often of
higher purity and homogeneity. This is due to the high reaction temperature
found in SHS processing, which results in volatile impurities such as S, Cl, Cu,
Fe, Ca, Si, Mg and Al being removed from the product (Chang et al. 1995 and
Shteinberg et al. 1995). Bloshenko et al. (1984a, 1985) also showed that SHS
manufactured compounds can have a lower concentrations of impurity oxygen

than their starting constituents.

The SHS process provides a way of creating unique products that can not be
made in any other way; this applies in particular to metal-ceramic composites.
L.S.M. UK are one of the first commercial suppliers of a SHS produced metal-
ceramic composite with their Fe(W,TiC) casting addition. The product consists
of W,TiC ceramic particles evenly distributed within an iron based matrix. The
W,TiC particles refine the grain size and improve the wear characteristics of
cast, rolled and heat treated steels (Wood et al. 1995). Saidi et al. (1994),
Capaldi and Wood (1996) and Capaldi et al. (1997) have investigated the

characteristics of the SHS reaction that produces Fe — TiC composites, whilst
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Fan et al. (1997) specifically investigated the role of iron in the reaction.
Ustundag et al. (1993) have researched Fe-Mn-O composites and Terry and
Chinyamakobvu (199256) assessed Fe-TiB; reactions. Investigations into TiC
reinforced Ni based composites have been conducted by LaSalvia et al. (1992),
LaSalvia and Meyers (1992), Bunin et al. (1993), Zhirkov et al. (1995) and
Capaldi and Wood (1996). A comparison with conventionally produced (cast)
Ni - TiC composites was presented in the work of Skolianos et al. (1994). Feng
et al. (1994) expanded the simple systems and looked at the multiphase metal
ceramic composites Al + ALO; + TiC and Al + AL,O; + B,C. Other novel SHS

products are:

e Ceramic alloys: The chemical and mechanical properties of ceramics
(toughnegs, thermal shock resistance, oxidation resistance etc.) can be
improved by mixing them with other ceramic compounds. Some SHS
produced ceramic alloys are; TiC + A1,0;, Z1B; + Al,O; and ZrC + ALLO;
(Bowen et al. 1991, Bowen and Derby 1994), B,C + Al;O; (Wang et al.
1994a). Wang et al. (1994b) have also investigated the SHS production of
B4C fibres within a MgO ceramic. The physical and chemical properties of
some interesting SHS produced ceramic alloys are presented in a paper by

Levashov et al. (1996).

o Intermetallic / Ceramic alloys: Intermetallics are often brittle and hard,

however, their high melting point, stiffness and resistance to oxidation and

crecep make them of interest to developers of aircraft and engine
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components (Meier and Pettit 1992). Song et al. (1995) found that the SHS
process could be manipulated to produce FeSi, with varying thermal
conductivity and Deevi (1994) has investigated the characteristics of the
Mo-Si SHS reactioﬁ. Ceramics or other intermetallics (Grake et al. 1992)
- dispersed within an intermetallic, offer the potential of increased toughness,
wear resistance and greater high temperature strength. Misra (1990) found
that TiC, ZrC, TiB; and ALO; were all thermodynamically stable
reinforcement ceramics. for inclusion into FeAl intermetallics. The high
temperature stability of group IV, V and VI transition metal borides,
carbides, nitrides and oxides has been assessed by Wiedemeier and Singh
(1991). They found that V3B4, HfC, HfN and Ti3Os were the most stable
materials in each class. TiAl / TiB; (Yamada and Miyamoto 1992), TiAl/
TiC (Tomoshige and Matsushita 1996), Ti,Cu / TiB; (Li et al. 1992) and
reinforced shape memory NiTi / TiC (Mari and Dunand 1995) are
examples of ceramic / intermetallic SHS composites, whilst MoSis
reinforced with WSi; (Subrahmanyam and Mohan Rao 1994) is an examplé

of an intermetallic / intermetallic SHS composite.

Nanocrystalline Powders: Nanocrystalline powders can have desirable

mechanical, optical, electronic and magnetic properties. Venkatachari et al.
(1995) reported that combustion synthesis could produce nanocrystalline
yttria doped (stabilised) ZrO, powders. Kingsley et al. (1990) have
produced fine metal aluminates for refractory applications via the SHS

process whilst Wang et al. (1995) have researched SHS produced sub
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micron MgO / B4C composites and Lee ez al. (1995) applied the technique

to produce submicron Al,O3 / SiC particles.

Functionally Graded Materials (FGM’s): Whilst ceramic components have

a variety of uses in the engineering world, they have a very low resistance
to thermal gradients, strain and cracking (Askeland 1992). One solution to
this problem is to coat a tough metal substrate with the hard and thermally
resistant ceramic. However, this solution encounters problems in the weak
bond between the two materials. FGM’s have been employed as a method
to solve the problems of ceramic / metal bonding by grading the transition
between the materials e.g. multilayer coatings (Carbide substrate / TiC /
AL O3 / TiN) on machining tools (Kalpakjian 1992 and Eroglu and Gallois
1997). FGM’s are composite materials that can be successfully
manufactured by the SHS process. The FGM is built from a number of
increasingly ‘metallic’ layers. The initial layer is purely ceramic, with
subsequent layers containing an increasing amount of metal, and the final
layer being pure metal. As porosity is a problem with the SHS process, the
manufacture of the FGM’s is often accompanied by either dynamic
compaction or HIPing (Strangle and Miyamoto 1995). Examples of
composites produced in this way are Cr3C; / Ni (Tanihata et al. 1993 and
Miyamoto and Ohyanagi 1993), ALL,O3; / TiC / Ni and Al,0; / Cr3C; / Ni
(Miyamoto et al. 1995a) and MoSi, / AL,O; / Ni (Miyamoto et al. 1995b

and Kang et al. 1995).
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e Composite Pipes: Duan et al. (1996) have reported on the use of the SHS
process in the manufacture of steel pipes that are coated on the inside with
a corrosion / erosion resistant coating. A reactant mixture is put within a
spinning pipe and ignited. The reactant mixtures investigated produced an
Fe, Ni or Cr metallic phase with a Al,Oj; slag. The metallic phase is more
dense than the Al,O; and thus bonds with the pipe under the imposed
centrifugal forces. The Al;O3 slag remains on the inner surface and can be
removed after processing but is usually left in place to act as an additional
resistant coating (Vukhvid 1992). The centrifugal forces help to produce a
relatively dense coating. Other workers (Odawara 1990 and
Subrahmanyam and Vijayakumar 1992) have also researche(i the

application of SHS technology to composite pipe manufacturing.

The high thermal gradients encountered during SHS reactions, created by rapid
heating and cooling of the compact, can lead to the formation of products that
are in a non-equilibrium state or have large defect concentrations. There may
be benefits associated with both states. Non-equilibrium structures allow the
compositional tailoring of the products e.g. in TiC-WC, the ceramic particle
has a WC rich outér and a TiC rich inner core (Degnan 1995). High defect
concentrations have been seen to increase the sintering ability of some

" ceramics (Ko et al. 1995).

The ease and effectiveness of the SHS process lends itself to experimentation.

Over the years more than 500 different compounds have been successfully
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synthesised, as seen in table 2.2. Table 2.3 lists the many commercial

applications in which SHS produced materials have found a niche.

Table 2.2 A Selection of Materials Produced by the SHS Process. Moore
and Feng (1995a).
Chemical Class Typical SHS formed ceramics
Borides CrB, HfB,, NbB, TaB,, TiB;, LaBs, MoB,, WB, ZrB,, VB;
Carbides TiC, ZrC, HfC, NbC, SiC, CriC, B.C, WC, TaC, VC, ALC;, Mo,C
Nitrides Mg;N;, BN, AIN, SiN, TiN, ZrN, HfN, VN, NbN, Ta;N
Silicides TiSis, ZrSi, MoSi,, TaSiz, NbSiz, Wsiz, V;Siy
Aluminides NiAl, CoAl, NbAl,
Hydrides TiHa, ZrH;, NbH,, CsH,, PrH,, IH,
Intermetallics NiAl, FeAl, NbGe, TiNi, CoTi, CuAl

Carbonitrides

TiC-TiN, NbC-NbN, TaC-TaN, ZrC-ZIN

Cemented Carbides

TiC-Ni, TiC-(Ni, Mo), WC-Co, Cr,C;-(Ni, Mo)

Binary Compounds

TiB2-MoB,, TiB;-CrB,, ZrB;-CrB,, TiC-WC, TiN-ZiN, MoS;-NbS;, WS;-NbS,

Chalcogenides

MgS, NbSe;, TaSe;, MoS,;, MoSe;, WS;, WSe;

Composites

TiBz-A]zOJ, TiC'AIzO;, BqC-Aleg, TiN-Aleg, Tlc-Tle, MOSiz-AleJ, MOB-AI:O),
Cr;Cs-Al, 03, 6VN-5A1,0,, ZrO,-Al,03-2Nb

Table 2.3
(1995a).

Typical Uses of SHS Produced Materials. Moore and Feng

Descriptions

—

Abrasives, cutting tools and polishing powders, e.g. TiC, cemented carbides.

Resistive heating elements, ¢.g. MoSi;.

Shape memory alloys (SMA), e.g. TiNi.

High temperature intermetallic compounds, ¢.g. nickel aluminides

Steel processing additives, ¢.g. nitrided ferroalloys

Electrodes for electrolysis of corrosive media, ¢.g. TiN, TiB,.

Coating for the containment of liquid metals and corrosive media.

Powders for further ceramic processing, ¢.g. Si;N,.

ClojN|lajlw|la|wNn

Thin films and coatings, e.g. MoSi,, TiB,.

—
(=3

Functionally-graded materials (FGM), e.g. TiC + Ni

—
—

Composite materials, e.g. TiC + AL, O, TiC + Al + Al,0,.

—
~

Materials with specific magnetic, electrical or physical properties, e.g. BaTiO;.
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2.4 Limitations of the SHS Process

The major drawback to the SHS process is the high degree of porosity created
within the products. Absorbed gases and moisture on the powders and within
the green compact rapidly expand during the reaction. They violently escape
and produce gas channels, voids and cracks (Chang et al. 1995 and Shteinberg
et al. 1995). The escaping gases may also take molten compounds with them:. It
has been calculated that in some cases the pressure inside gas filled pores
during the reaction can be as high as 1000 atm. (Moore and Feng 1995a).
Additional porosity can be caused by the increased density of the products over
their initial constituents. Due to the porosity, product densities can be as low.
Halverson et al. (1993) measured some SHS produced TiC samples to be
~36% of theoretical maximum density. This is not always a problem. Indeed it
can be a benefit, with an example being that it eases crushing of the product in
the production of ceramic powders (Moore and Feng 1995b). However, for
those applications that require a dense product there a various densification
technologies available. The powder compact can be ignited under pressure
(Maupin and Rawers 1993, Lee et al. 1996, Olevsky et al. 1996 and Dumez et
al. 1996), reaction sintered (Murry and German 1992, Mughal and Plumb
1993, Chandran et al. 1995 and Royal et al. 1996), reaction HIPed (Shingu et
al. 1990, Miyamoto et al. 1995a and Miyamoto et al. 1995b), simultaneously
ignited and forged - dynamic densification (LaSalvia et al. 1994) or reaction
hot pressed (Murray and German 1992, Vukhvid 1992 and Stolin et al. 1995).
These processes can produce near net-shaped artefacts of greater than 95% of

theoretical density (LaSalvia ef al. 1994 and Moore and Feng 1995b).
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2.5 Thermochemical Theory

In SHS systems the enthalpy change between the reactants and the products
produces the high combustion temperatures. An understanding of the enthalpy
of a reaction will indicate whether that reaction will be self sustaining or not.
Generally, reactions require a high enthalpy of reaction to be self sustaining.
Before we look at the calculation of the enthalpy of reaction it is worth noting

the temperature points that are used in SHS research.

In any given SHS reaction there are four important temperature points which

have an affect on the reaction and the final products:

1. The inijtial temperature, Tp: The average temperature of the sample before

the reaction is started. This temperature does not apply to those reactions
that are initiated in the thermal explosion mode as the whole sample is at

the ignition point, Tig.

2. The ignition temperature, Tj;: The point at which the SHS reaction is

activated and will continue to be self sustaining without any additional heat

supply.

3. The adiabatic combustion temperature, T,q: The maximum combustion

temperature achieved under adiabatic conditions. This is generally the
melting point or decomposition (boiling) point of the 'combustion products
(Glassman and Papas 1994). Above the decomposition temperature the

products cannot form and thus the reaction temperature is limited.
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4. The actual combustion temperature, T;: The measured (usually via

thermocouple or optical pyrometer) combustion temperature, found under

non-adiabatic conditions.

For a pellet undergoing a combustion reaction, the enthalpy of the reaction at
temperature Ty, is AH(r)ro. The heat evolved is converted to an increase in
temperature of the products from Ty to Tag. This is given by the heat balance

condition:
AH(r)1, = ﬁsd C,dT (2.6)

where C, is the combined heat capacity of the products. As the products of
most combustion reactions undergo phase transformations below the adiabatic
temperature, Tyq calculated in equation 2.6, the corresponding changes in the
enthalpy and heat capacities have to be taken into account. Toq then has to be
calculated in a part wise manner. Typically the products are molten and thus

the heat balance equation has to take this into account:

T1 T2 Tad
AH(r)1o = Ic,, dT+L, + fc,, dT +L; e, + Ic,, dT @7
To T1 Tn

where L is the enthalpy of the phase transformation of the products. In this

equation it is assumed that the reaction occurs under adiabatic conditions. As
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such T4 is only a measure of the exothermicity of the reaction and defines the

upper limits of the combustion system.

The relationship between heat generated by the reaction and heat lost to the
environment governs the rate of reaction wave propagation, stability and

temperature. As heat is lost to the environment, T is less than Taq.

Another important parameter is the activation energy of the reaction. The
activation energy gives a measure of the ease of ignition of the reaction. High
activation energies are found in reactions with low exothermicities and vice
versa. Low exothermic reactions are characterised by a high ignition
temperature, the requirement of pre-heating and an unstable combustion wave.
A knowledge of the activation energy can also illuminate the reaction
mechanism. In the case of titanium nitration in gaseous nitrogen, the activation
energy of the combustion reaction is similar to the activation energy of
nitrogen diffusion into a layer of TiN, ~350 kJ mol! (Munir 19925), thus

indicating that the SHS reaction proceeds by a similar mechanism.

2.6 SHS Reaction Mechanisms

2.6.1 Solid - Gas

Solid — gas SHS reactions are predominately used to form hydrides, oxides and
nitrides (Dunmead et al. 1989). During the reaction the products reach high

combustion temperatures (Tyq = 4900 K for Ti + N;). Theoretically, for the
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product to form, the gas pressure during the reaction has to be higher than the
dissociation pressure of the product. For the Ti + VzN reaction this would mean
a gas pressure greater than 1000 atm. However, as has been mentioned
previously, the adiabatic temperature is seldom reached due to heat losses and
thus a gas pressure as low as 400 atm can achieve full compact conversion.
However, solid - gas reactions at atmospheric pressure typically fail to achieve

full reactant conversion (Munir 1992b).

The most distinctive feature of solid — gas reactions is the combustion process.
Since the éas is primarily external to the solid compact, the reaction starts at
the surface of the compact and moves inwards. As such, the availability of gas
within the compact is the critical factor in the reaction. Gas pressure and
compact porosity are the physical parameters which control this factor. Higher
pressure and more porosity allow more gas into the compact and increase the
combustion wave velocity and decrease the conversion raﬁo. The conversion
ratio, the percentage of product formed, is related to the combustion wave
velocity. A slower wave keeps the compact at a higher temperature for longer
and thus allows a greater degree of conversion (Kudo and Odawara 1989).
Solid — gas SHS reactions are diffusion limited. In the case of titanium powder
in nitrogen, the reaction method is one of nitrogen diffusion into the titanium
through a layer of TiN. This produces slow combustion wave velocities which
are not seen to increase with nitrogen pressure (Munir 19925). Zhou and
Stangle (1995) have found that the rapid heating rates (‘>103 -10° K s found

in solid — gas SHS type reactions may overcome the diffusional restrictions
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attributed to the formation of a product layer on the reactant material. Solid —
gas SHS type reactions with reference to the titanium — oxygen and titanium —

nitrogen reactions are discussed in greater detail in Chapter 3.

2.6.2 Solid - Solid

In solid — solid reactions only slow solid state diffusional mechanisms can
operate. Once a layer of product has formed around the reactant materials
further reaction is governed by the rate of diffusion of the species (Terry and
Chinyamakobvu 1992b and Akhtar et al. 1996). Typical of this type of reaction
is Ta + C. It has a slow reaction rate and a combustion wave velocity between
0.32 — 0.62 cm 5™ (Subrahmanyam and Vijayakumar 1992). In these types of
systems it is important to use asv fine a powder as possible, to increase the
amount of active surface area in the compact. These types of reactions can be
classed as ‘reactive sintering’ when the exothermicity of the reaction is so low
as to require a substantial additional heat input. Solid-solid reactions often
occur in powdered compacts prior to a self-propagating (solid — liquid) reaction

(Javel et al. 1996).

2.6.3 Solid - Liquid

Solid - liquid reactions are common in the SHS manufacture of many carbides,
borides and silicides. In the production of carbides and borides the metallic
phase is liquid during the reaction, as in the case of the well studied Ti + C

system. In the production of silicides, the silicon is the molten phase. A
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classification of these compounds has been proposed, based dn the ratio of the
atomic radii of the constituent components, R, / R, where R, is the radius of
the non metallic atom and R, is the radius of the metallic atom
(Subrahmanyam and Vijayakumar 1992). If the ratio is <0.59, as in carbides
and borides, the crystal structure is simple (i.e. MeC) with non-metal atoms
sited interstially within the metal lattice. In this case, unstable combustion only
leads to incomplete reaction of the constituent materials. If the ratio is >0.59, as
in silicides, complex crystal structures can form with many non-metal rich
phases. Unstable combustion then leads to inhomegeneity and a variety of

phases in the product.

In the Ti + C system it is the melting of the titanium that initiates the self-
propagating combustion reaction (Lihrmann et al. 1991, Deevi 1991, Terry and
Chinyamakobvu 1992, Halverson et al. 1993, Saidi ef al. 1994, Makino et dl.
1994, Choi and Rhee 1994, Choi and Rhee 1995, Halverson et al. 1995, Ko et
al. 1995, Lihrmann et al. 1995, Lee and Chung 1995, Fan et al. 1996, Mishra et
al. 1997, Fan et al. 1997, Capaldi et al. 1997). Below the melting point of the
titanium there is a small degree of solid state reaction between the reactants
that accounts for no more than 6% of the TiC formed (Vrel et al. 1994). Munir
et al. (1990) classically outlined the mechanism of reaction between titanium
and carbon in the self-propagating mode to be :

1. Heating of the sample to the melting point of titanium.

2. Capillary spreading of the liquid titanium over the carbon particles. Liquid

titanium exothermically reacting with the solid carbon to form a saturated
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Ti and C solution.
3. Precipitation of TiC particles out of the saturated solution.

4. Growth of the TiC particles.

Deevi (1991) postulated that after the initial melting of the titanium, TiC is
formed on and surrounds the carbon particles, full conversion occurs with a
diffusional reaction between liquid titanium and solid carbon through a layer of
solid TiC. A different mechanism has been suggested by Fan et al. (1996) who
suggested the mechanism of the self-propagating Ti + C reaction to consist of

three different steps:

1. Initial heating of the compact promotes a solid state Ti + C reaction that

forms a solid TiC layer around the titanium particle.

2. The exothermic energy of the solid state reaction causes the titanium to
melt. It is confined within the TiC shell (experimentally recorded reaction

temperatures are between 2000-3000 K, TiC melts at 3423 K).

3. Carbon diffuses into the molten titanium, through the TiC shell, and then

precipitates as discrete TiC particles within it.

The different reaction mechanisms can be explained by the experimental
procedures used by the authors. Fan et al. (1996) studied artificially quenched

samples and Munir (1990) and Deevi (1991) studied reacted and part reacted
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samples. The artificially quenched samples were held for a long time at a lower
temperature (in effect sintered), whilst the part reacted samples had a reaction
wave move through them, but have not fully transformed. The thermal history
of the pellets thus influences the observations upon which the reaction
mechanisms are based. Additionally, Lee and Chung (1995) proposed that the
size of the carbon powder could influence the reaction mechanism. Carbon
black (~0.01pum) would react to form TiC shells, whilst graphite powder (< 325
mesh) would promote the capillary spreading reaction mechanism. A change in
reaction mechanism according to the size of reactant powders in the compact

was also seen by Vol’pe and Evstigneev (1993) in the Ti — Al - C system.

Various papers have been published that mathematically model the combustion
process or aspects of it. Munir (1992a) initially. produced a microstructural and
mechanistic analyses of SHS systems. Armstrong (1992) furthered the work of
Zenin et al. (1981) and investigated the stability of the combustion wave.
Bhattacharya (1992) modelled the effect of porosity and particle size on the
velocity of the reaction wave. This work was expanded upon by Cao and
Varma (1994) and Viljoen and Puszynski (1994). Kanuary and Hernandez-
Guerrero (1994) additionally derived equations to predict the length of heating
required to ignite the compact. Yuranov et al. (1994) constructed a quasi-
equilibrium model for the chemical processes that occur during SHS reactions.
Zhirkov et al. (1995) and Vukhvid er al. (1997) numerically analysed the

crystallisation process of SHS formed products.
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2.6.3.1 The Ti+ C + Metal Reaction

Including another metal in the Ti + C = TiC reaction, e.g. :

Ti+ C+Fe=TiC + Fe (2.8)
leads to the formation of a ceramic / metallic composite. The extra metallic
component is often called a ‘binder’ or diluent phase. The binder phase does
not significantly react with the titanium or carbon and forms a product of TiC
particles distributed through the metallic binder phase. The metallic binder has

various effects on the combustion reaction and product.

The addition of Fe on the Ti + C reaction has been studied by various
researchers. Saidi et al. (1994) found that the ignition temperature of Ti + C
samples containing iron was dictated by the eutectic temperature of the Fe — Ti
system. A solid-state reaction between titanium and iron was thought to occur
during the heating cycle, to form the intermetallic FeTi,. This phase melts at
1085°C, which coincides with the recorded ignition temperature of the
samples. As little as 2.7wt% iron added to a stoichiometric Ti + C compact was
sufficient to reduce the ignition temperature from ~1550°C to 1250°C. Capaldi
and Wood (1996) saw that the addition of an iron diluent reduced the
combustion temperature and reduced the wave velocity; however, complete
combustion still occurred in compacts containing up to 60wt% Fe. The addition

of the iron diluent also refined the TiC particle size.

Fan et al. (1997) disagreed with the above combustion init@ation mechanism

and suggested that carbon diffusion into the iron would cause premature
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melting of the iron particle. The Fe — C system has a minimum melting point of
1147°C. This would be the initial liquid phase to form as interstitial carbon
diffusion into iron (to form the Fe-C compound) would be orders of magnitude

faster than solute titanium diffusion into iron (to form FeTiy).

LaSalvia et al. (1995) and LaSalvia and Meyers (1995) investigated the
addition of Ni to the Ti + C reaction. No one reaction mechanism could be
identified as the ignition process because Ni / Ti reactions occurred alongside
Ni / C and Ti / C reactions. It was, however, shown that the self-propagating

reaction was initiated by the formation of a liquid phase.

In summary, it is the formation of a liquid phase that facilitates the self-
propagating reaction to occur (Wang et al. 1995). Prior to this, solid-state
reactions may occur between the compact constituents. The addition of a
metallic diluent can reduce the ignition temperature by forming low melting

point alloys with the other reactant powders.

2.6.4 Liquid - Liquid

Many intermetallics and aluminides are formed from a molten reaction phase.
The SHS manufacture of Ni3Al from Ni and Al powers has a recorded
maximum reaction temperature of ~1400°C. Whilst nickel melts at ~1450°C,
aluminium melts at 600°C and spreads over the solid nickel powders. The

nickel dissolves into the aluminium and exothermically reacts to form various

Ni - Al intermetallic phases. If the composition is stoichiometric it continues
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until NizAl is formed (Wenning et al. 1994). Garkol’ et al. (1994) and Vol’pe
et al.(1995) have used high speed pyrometry to analyse the phase changes and
combustion methods that occur in Ni — Al combustion synthesis. As in the
solid — liquid reactions, it is the formation of a liquid phase that promotes the

self-propagating reaction.

2.7 Combustion Wave Characteristics

The combustion wave seen in SHS reactions is the area of the compact that is
undergoing the primary exothermic chemical reaction. It has a velocity and an
exothermicity that is dependent on many of the compact parameters — porosity,
homogeneity, powder morphology, etc. (Shteinberg and Knyazik 1992 and
Bhattacharya 1992). Three important parameters can be associated with this
wave; temperature (T), degree of chemical conversion (1) and the rate of heat
evolution (¢) (Dunmead and Munir 1992a). These parameters are shown with
reference to an ideal reaction wave in figure 2.3. The schematic depicts a wave
travelling from right to left. The reaction reaches completion (T =T, n=1, ¢
= 0) in a narrow reaction zone, dW. The schematic shows pre heating of the
compact in front of the wave, where the temperature increases from Ty to T,
Ty, is the point that product formation commences (1 > 0) but is not necessarily
the ignition point, Tj,. In the case of the Ti + C reaction, the pre heating zone
initiates some solid state TiC formation prior to the arrival of the combustion

wave (Vrel et al. 1994).
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A more realistic schematic is shown in figure 2.4. The effects of the reactions
kinetics (diffusion rates, powder morphology considerations etc.) means that
not all the reactants are converted in the reaction wave. There is a degree of
conversion, and thus exothermicity, after the wave has passed. This effect is
termed the ‘afterburn’. The kinetic effects of the reaction also increase the

width of the reaction wave (Dunmead and Munir 1992b).

The reaction wave is said to be under steady-state conditions when it travels
through the compact at a constant rate. This has been seen to be in the order of
1 to 150 mm s (Moore and Feng 1995a). In samples that are ignited from the
top, a horizontal combustion wave is seen to travel at a constant velocity down

the compact.

A non steady-state combustion mode is defined as the non-uniform velocity of
the combustion wave as it travels through time and / or space. There are
generally three types of non steady-state combustion; oscillating, spinning and
repeated combustion. In oscillating combustion the wave is seen to stop and
start as it moves through the compact. The product is often layered, the layers
sometimes having different chemical compositions. Spin combustion is
generally a surface related phenomena where only the outside of the compact
reacts. The combustion wave is seen to spiral down the outside of the comf)act,
leaving the bulk of the sample untouched. Repeat combustion primarily occurs
in solid — gas reactions such as Ti + N». Typically a fast initial wave is seen to

travel down over the sample. This wave generally effects the surface of the
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pellet only. Then a secondary wider wave, travelling at a slower rate appears as
the bulk of the sample reacts. A schematic of these combustion wave types is

shown in figure 2.5.

2.7.1 Maximum Reaction Temperature

The maximum reaction temperature of a SHS reaction (T,4 or T¢) is not set. Pre
heating the sample increases the temperature (Moore and Feng 1995), whilst
diluting the reactants — usually achieved by adding quantities of the reactions
products — lowers the temperature (Singh 1996). This flexibility has uses in
post reaction processing of the compact. Dynamic compaction caﬁ be
employed to press the compact just after it has reacted. The soft or liquid
products will then be densified. To aid the process, pre heating of the sample
increases the maximum reaction temperature,v enabling the produéts to be
workable for a longer period of time. The addition of a diluent is a useful tool
in tailoring the products of a reaction. Kim ez al. (1995) found that the product
chemical composition could be changed by the addition of an inen diluent.
The cooling effect of a diluent has applications in the production of near net
shape artefacts where the production of large amounts of a liquid phase would

not be beneficial.

2.8 Process Parameters

In a compact of fixed composition, the combustion characteristics are

dependant on the reactant powder size, reactant powder morphology and the
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compact density. These parameters have been investigated with reference to
their influence on SHS reactions ignited in the thermal explosion mode and in
the self-propagating mode. As the only difference between the combustion
modes is the compact temperature at the point of ignition, both are affected in
the same way by variance in the compact parameters. A compact heated in the
thermal explosion mode is essentially undergoing the same process as the

heated area of a self-propagating compact.

2.8.1 Powder Diameter and Morphology

Work on the Ti + C = TiC reaction by Halverson et al. (1993) found that the
powder size of thé titanium had no effect on the final product density, but
changed the product morphology. Finer titanium powders yielded a finer TiC
morphology in the product, and vice versa. Vol’pe and Evstigneev (1993)
found that the combustion temperature and wave velocity were higher in
compacts with smaller titanium powders in the Ti — Al - C system. Saidi ef al.
(1994) found that the ignition temperature of Ti + C compacts decreased with

decreasing titanium powder diameter.

The work by Halverson et al. (1993) also looked at the effect of the carbon
powder on the Ti + C = TiC reaction. The carbon powder was seen to have a
very strong influence on the TiC product morphoiogy. High surface area
carbon powders produce a finer microstructure and vice versa. Lee and Chung

(1995) investigated the same reaction and observed similar results. The ignition
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temperature of the compact was lowered when finer carbon powders were

used.

2.8.2 Pellet Density

The work of Halverson ez al. (1993) on the Ti + C = TiC reaction showed that
a higher green compact density produces a higher product density. This is
achieved by high compaction pressures and a small non-metallic powder
dia;neter. The metallic powder generally yields under pressure and does not
inhibit compaction, the non-metallic powder is generally brittle and thus

determines the limits of compaction.

A lower and higher compaction limit (density) of the compact exists (Saidi et
al.1994); the pellet did not combust outside of the limits. At low compaction
pressures (<2MPa) there is not a significant intimacy between the reactant
materials and thus the rate of reaction is diminished, below that required to be
self sustaining. Above the limit (>10MPa), the thermal diffusion of the
compact ahead of the combustion front is so great as to slow the heating of the
compact; thus sterilising solid TiC forms around the titanium powders. Under
very high green densities, Halverson et al. (1993) found that the combustion
kinetics were reduced and there was iﬁcomplete product formation. The limits
are dependent on powder size, heating rate and compact dimensions (Deevi
1991). A maximum reaction wave velocity is found within the limits, attributed
to the best case of thermal conductivity and thermal losses (Deevi 1991). The

stoichiometry of the TiC product is dependant on the starting composition
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(Choi and Rhee 1994 and Capaldi et al. 1997). In the region TiCyss — TiCoygs

the product stoichiometry is the same as the starting stoichiometry.

In the thermal explosion mode the ignition temperature decreases and the
combustion temperature increases with decreasing titanium powder diameter
(Yi and Moore 1989a). This is attributed to the increased intimacy between the
reactant powders, generating a higher rate of exothermic release (Capaldi et al.
1997). Increasing the heating rate of the compact also promoted ignition in
compacts that did not ignite at lower heating rates. This is attributed to the
effect of reduced heat conduction away from the compact. Yi and Moore
(1989b) found that the ignitio;1 temperature decreased linearly with an increase

in the heating rate.

With respect to the Ti + C reaction, at low heating rates the exothermic energy
has time to dissipate and thus only a solid state reaction occurs between the
titanium and the carbon. A high heating rate is required (~ 350°C / min) to
keep the period of solid state formation to a minimum before the titanium
melts. If too much solid TiC forms around the titanium particles they become
inert and thus the thermal explosion reaction cannot occur (Capaldi et al.

1997). This effect has also been seen in self-propagating reactions.
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Chapter 3

Literature Survey — Detailed Literature

3.1 Titanium Oxides and Alloys

3.1.1 Titanium and Titanium Oxides

In bulk, titanium is a relatively light weight metal that provides excellent
corrosion resistance, a high strength-to-weight ratio and good high-temperature
properties. With a density of 4.505 Mg m™ and strengths up to 1380 MPa, the
material has excellent mechanical properties. An adherent, protective, TiO;
film provides resistance to corrosion and contamination below ~535°C. Above
this, the protective nature of the oxide film decreases, and small atoms, such as

carbon, nitrogen and hydrogen embrittle the titanium.

Titanium is allotropic, having a HCP (@) crystal structure at low temperature
and a BCC (B) crystal structure above the transformation temperature of
882°C. Alloying elements provide solid solution strengthening and alter the

allotropic transformation temperature (Askland 1992).

Elements such as aluminium, oxygen, carbon and nitrogen are classed as
‘alpha stabilising’ elements. These elements increase the transformation
temperature at which o transforms to B. For example, 15 at% oxygen dissolved

in titanium raises the transformation temperature to ~1750°C.
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The opposite effect is seen with elements such as iron, manganese and
chromium. The addition of these elements produce a eutectoid reaction,
reducing the transformation temperature so that a mixed a+f titanium can be

formed at room temperature. The physical properties of titanium metal area

detailed in table 3.1

Table 3.1 The Physical Properties of Titanium Metal at 20°C
Property Yalue
Atomic Number 22
Crystal Structure HCP
Lattice Parameter / nm a=0.29503 c¢=0.46831
Atomic Mass / g mol’! 479
Atomic Radius / nm 0.1475
Valence +4
Density / g cm™ 4.507
Melting Temperature / °C 1668
Boiling Temperature / °C 3290

Titanium can dissolve oxygen interstitially, up to a composition of TiOg .42,
retaining its HCP structure, but showing an increase in the crystal lattice
parameters. Increasing the oxygen content above TiOg 42 forms titanium oxides
of increasing oxygen content. Figure 3.1 is the titanium — oxygen phase

diagram.

Alpha titanium monoxide, a-TiO, has a NaCl (rock salt) crystal structure and
can exist with both titanium and oxygen vacancies. Stoichiometric TiO has
~15% of the titanium and oxygen sites vacant. Titanium sesquioxide, Ti;O;,

has a corundum (Al,O3) structure, whilst titanium pentoxide, Ti3Os, has a
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monoclinic structure at low temperatures and a pseduobrookite structure above
177°C. Glassman and Papas (1994) have calculated the decomposition

temperature of Ti3Os to be 4000K at atmospheric pressure.

The most common titanium oxide is TiO,. TiO; can have three different crystal
structures, anatase, rutile and brookite. Rutile is the most thermodynamically
stable and therefore most common of the structures. Rutile has a tetragonal
crystal structure. Table 3.2 details some physical properties of the titanium
oxides. Fischer (1997) has detailed the thermodynamics of the Ti — O system,
whilst detailed investigations into the atomic structure of the oxides have been

presented by Leung et al. (1996) and Sousa and Illas (1994).

Table 3.2 The Physical Properties of Titanium Oxides at 20°C
Property Ti0 Ti,0;3 Ti305 Ti0;
Colour Golden- Violet Blue-Black | Grey-White
Yellow
Density / g cm™ 4.89 4.49 421 425
Melting 1737 2127 1780 1860
Temperature / °C

3.1.2 Titanium and Iron Alloys

Titanium and iron form a variety of phases when alloyed together. Figure 3.2 is
a detailed phase diagram of the alloy (Okamoto 1996). The two intermetallic
phases that form are FeTi and Fe,Ti. The FeTi and Fe,Ti reactions are weakly
exothermic, AHreri = -30.6 kJ mol” and AHpe,t; = -26.8 kJ mol’'. Pribytkov et

al. (1983) found that a self-propagating reaction would occur between iron and
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titanium if the adiabatic reaction temperature was above the alloys eutectic
melting temperature of ~1080°C. If FeTi was being formed it was calculated
that the reactants had to be preheated to 700°C to initiate the reaction. In the
case of Fe,Ti formation, the preheat témperature had to be 800°C. Kivalo et al.
(1988) sintered finely divided iron and titanium powders and found that the
interface between iron and titanium powders consisted of FeTi and Fe,Ti with
the profile being Fe > Fe,Ti > FeTi > Ti. It was found that during sintering at
1100°C the 70at% Ti / 30at% Fe eutecti§ liquid phase forms. Upon contact
with the iron particles the eutectic liquid solidifies as the solid FeTi and Fe,Ti
phases form. Around the titanium particles, the eutectic alloy remains liquid
with the eutectic composition. The heat capacities of these phases have been
calculated by Wang et al. (1993), whilst the effect of titanium on the lattice

parameters of iron has been studied by Rickerby (1982).

3.2 Ironandlron Oxides

By virtue of their wide range of mechanical, physical and chemical properties,
iron based alloys are among the most useful of metals. Iron can either have a
BCC or FCC crystal structure. Between 912°C and 1394°C iron has a FCC
structure and is termed austenite. Below 912°C is the ferrite phase and above
1394°C is the delta phase. Under atmospheric conditions iron will easily
oxidise. The oxide layer is multiphase, with FeO adjacent to the metai,
followed by Fe30q, followed by Fe,O; on the outside. The oxide layer is not

passive, as in TiO,, and thus does not inhibit further oxidation when formed.
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Table 3.3 details some of the physical properties of metallic iron. Figure 3.3 is

the Fe — O phase diagram.

Table 3.3 The Physical Properties of Iron Metal at 20°C
Property Value
Atomic Number 26
Crystal Structure BCC
Lattice Parameter / nm a=0.2866 c=0.46831
Atomic Mass / g mol’ 55.85
Atomic Radius / nm : 0.1241
Valence ' +2
Density / g cm™ 7.87
Melting Temperature / °C 1538
Boiling Temperature / °C 2860

Iron (II) oxide, FeO, is black in colour. It has a NaCl crystal structure and is
unstable, decomposing to Fe and Fe;O4 below 575°C. Glassman and Papas
(1994) have reported that FeO decomposes above 3400K. Iron (III) oxide,
Fe,0s, is red — orange in colour. It exists in two different crystal structures,
named hematite and maghemite. Hematite has a corundum structure whilst
maghemite is a spinel. Iron (II, III) oxide, Fe;0s, is a mixture of Fe (II) and
(III) oxides. It is black in colour and occurs naturally in the mineral
‘Lodestone’. Table 3.4 details some physical properties of iron oxides. Figure

3.3 is the Fe - O phase diagram.

Table 3.4 The Physical Properties of Iron Oxides at 20°C
Property FeQ Fe03 Fe;04
Colour Black Red - Orange | Blue-Black
Density / g cm™ 5.98 5.25 5.24
Melting Temperature / °C 1378 1597 1594
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3.3 Reactions Between Bulk Titanium and Air

3.3.1 Isothermal Oxidation

It has been known for some time that the oxidation of titanium can be
described with reference to the Wagner model (Kubaschewski and Hopkins
1953 and Kofstad 1966). The model assumes that in titanium oxidation,
oxygen diffuses inward through the oxide coating, fo be consumed by the
growth of 'the oxide and the dissolution of the oxygen into the metal. This
process is shown schematically in figure 3.4. It is composed of two individual
oxygen concentration profiles, one corresponding to the oxide TiO, and the
other relating to the substrate which is a solid solution of oxygen in titanium.
The diffusion of oxygen through the oxide layer is the rate controlling factor in
this case. Kofstad (1966), in his review book, states that the oxidation of
titanium in the 600-900°C range was seen to be parabolic, changing to linear
above this temperature. However, he stated that the reason for the change was

not clear.

Dechamps et al. (1976) investigated the oxidation of titanium in air within the
temperature range of 700-875°C. They found that the oxidation kinetics change
as the oxide layer grows, initially starting with a parabolic kinetic and vmoving
into a linear one when the film thickness reached around 10pm-20pum over thg
testing temperature range. The change in reaction kinetics was attributed to the
break down of the oxide layer due to the build up of internal compressive

stresses within it, as it reached these thickness’. Titanium / TiO; has a Pilling-
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Bedworth ratio of 1.5 — 1.75 (Askeland 1992 and Dechamps et al. 1976).
Below the 10-20um threshold the oxide was seen to be very adherent and of

* grey colour. The grey oxide was seen to be non-stoichiometric rutile, TiO,.

Cismaru and Momirlan (1977) worked on the oxidation of titanium discs in air
within the range 300°C - 1250°C. The films formed were analysed by XRD.
No measurable oxidation was seen in the sample held at 300°C for 17 hours, or
the sample held in the 300-500°C temperature range for 17 hours. However, in
the sample held at 550°C for 12 hours non-stoichiometric TiO, was detected
along with the titanium. In the sample held at 700°C for 4 hours stoichiometric
TiO, was the only phase detected. Whilst the work is by no means detailed it is
possible to infer that only a thin oxide layer was formed in the 550°C sample,
as titanium was still detected in the XRD analysis. No titanium was detected in
the 700°C sample, suggesting that the oxide layer was thicker. Additionally the
stoichiometry of the TiO; (rutile) was seen to change from a non stoichiometric
TiO, at 550°C to a near stoichiometric TiO, at 700°C, suggesting a fuller

transformation at the higher temperature.

Maksimovich et al. (1986) investigated the mechanism of titanium oxidation at
600, 850 and 1000°C. The experiments consisted of heating commercially pure
titanium specimen, of unspecified dimensions? in air. The heating and cooling
of the sample occurred at 0.25°C / second. The specimens were held for 1-10

hours at the testing temperature. This research was specifically investigating

the mechanism of oxidation, in particular, cation and anion movement.
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There were two areas that they investigated, namely the formation of the oxide
scale and the formation of the gas (oxygen) impregnated layer in the titanium
metal. By measuring the thickness of the scale and its relative position to the
initial surface of titanium it was seen that the oxide scale grows outward from
the surface of the metal. The analysis of the hardness of the matrix behind the
oxide layer was employed to determine the extent of penetration of oxygen into
it. This is possible as oxygen in solution in titanjum greatly increases its
hardness. A hardness of 0.5GPa above that of the base titanium hardness was
used as a minimum value to infer the presence of oxygen in the matrix

(Maksimovich et al. 1986).

A sample held for 1hr at 850°C showed impregnation of oxygen into the matrix
to a depth of ~100um and the formation of a 10um thick dense oxide scale
occurring above the surface of the titanium. The scale formation above the
initial surface of the titanium is cited as evidence for titanium cation diffusion
through the oxide layer as the oxide formation mechanism. Oxygen that
diffuses through the oxide layer to the metal is held in solid solution in the
metal at these low concentration levels. Wbilst titanium cation movement may
have a role to play in titanium oxidation, the literature suggests that the primary
oxidation method is one oxygen diffusion into the titanium metal through the

oxide shell.

Samples held for up to 3 hours showed an increase in oxide thickness to 25um

and an increased oxidation rate, but no increase in the thickness of the oxygen
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impregnated layer. The oxide was seen to grow primarily into the metal, rather
than away from it as in the previous sample. The 6xide was also seen to contain
cracks perpendicular to the surface of the titanium. The cracking of the oxide
was attributed to be the cause for the increase in oxidation rate, by allowing
oxygen to easily reach the metal-oxide interface without having to initially
diffuse through the oxide layer. The oxide formed is thus determined by the
oxygen diffusion rate through the oxide layer. The cracked porous structure
also inhibits titanium cation diffusion to the oxide-gas interface, thus reducing

outward development of the oxide.

Similar additional experiments confirmed that the physical structure of the
oxide determines the mechanism of titanium oxidation. In summary, the
literature suggests that when the scale is porous, oxide diffusion through the
scale to the metal-oxide interface dominates, and when the scale is dense and
coherent, titanium cation diffusion to the oxide-gas interface is the controlling

factor.

The detailed investigation of Unman ez al. (1986) into the oxidation kinetics of
titanium in air between 593°C and 760°C confirms and expands on the
previously reviewed research. Thermogravimetric, microhardness and
metallographic data were employed to elucidate the oxidation process.
Thermogravimetric data confirms that in the range from 593°C to 704°C the
oxidation of titanium is essentially parabolic for at least 100 hours. At 732°C

and 760°C the parabolic kinetics are only observed for 30 hours and 10 hours
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respectively. The kinetics then move into linear kinetics. Data also reveals a
slight transition occurring in the weight gain of the sample after a certain time,
in one instance after 6.25 hours at 649°C. The weight gain per unit was seen to
increase after the time threshold. The time threshold is seen to decrease with
increasing temperature. A simultaneous heating and XRD analysis
investigation of the sample revealed that the increase in oxygen absorption (as
measured by an increase in sample weight) coincides with an increase in the
oxygen solubility at the metal — oxygen interface. No reason for the increase in
the oxygen solubility was given. Additional XRD data revealed all of the oxide

formed to be TiO,, rutile.

Microhardness data, showing good correlation to the thermogravimetric and
metallographic data, revealed that there was no porosity in the oxide layers
formed in the samples investigated. Approximate values for the ratio of oxygen
diffused into the matrix to the total oxygen pick up is given as 0.31 + 0.05.
This figure is consistent with data produced by other authors that were

reviewed in the paper.

An interesting phenomenon revealed in the metallographic samples was the
presence of a visible boundary that occurs within the titanium matrix. The
boundary is highlighted when the sample is etched and corresponds to a
composition of 5.0 £ 0.5at% O in solid solution in the titanium (Unman et al.
1986). It appears that at this composition the titanium — oxygen solid solution

preferentially etches to reveal a boundary. The boundary is seen to have a
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definite correlation to time and exposure temperature. The distance of the
boundary from the oxide — metal interface is seen to increase with both

parameters.

Customarily, it is assumed that the saturation limit of 34at% oxygen in alpha
titanium is reached immediately at the metal -4oxidé interface. This was seen
not to be true, the maximum solubility only being achieved in the sample held
at 760°C for 100 hours. Due to the time and temperature dependant nature of
this oxygen concentration the lower temperature samples had lower oxygen
concentrations. For samples oxidised between 593°C and 677°C the oxygen
concentration at the metal — oxide interface was calculated to be ~20 at%.

Additional data reviewed in the paper agree with these findings.

The work was completed with the finding that the diffusion coefficient for
oxygen through TiO; is about 50 times greater than for its diffusion through the

titanium matrix.

3.3.2 Anisothermal Oxidation

The previous literature deals with oxidation of titanium when the surrounding
temperature has been constant. Anisothermal oxidation is a more complex
process, as the temperature, and thus the rate law, is constantly changing. To
aid the understanding of anisothermal oxidation, researchers have attempted to
mathematically model the process. This has occurred alongside the advent of

computers, which significantly simplified the process.
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Initially Wolf and Grochowski (1975) presented a model for anisothermal
oxidation which assumed that the system had an oxidation rate that was
parabolic under isothermal conditions and that the temperature of the system
increased linearly with time. The model is based on differentiating the
isothermal parabolic oxidation rate law with temperature to give the weight
gain according to the terhperature and time. The isothermal parabolic rafe law

is described as:
W2=Kt (3.1)

where W is the specific weight change, t the time over which oxidation has

taken place and K, a rate constant, taken to have the form of:
K,=Aexp (-Q/RT) (3.2)
where A is the pre-exponential factor, Q the activation energy, R the gas

constant and T the absolute temperature. The temperature was assumed to

increase linearly with time, which was described as:
T=T;+rt 3.3)

where T; is the temperature at t = 0, and r (K s™') is the fixed rate at which T

changes with time. The heating rate is linear. The final solution to the

47



integration being:

W2 =-

m

AQ J’e-Z(z +Z7-Z7)dzZ (3.4)

where

=Q/RT; and Z,=Q/RTn, 3.9

Subscript i and m relate to the initial and final conditions of that term.
Markworth (1977) criticised the mathematical process, changing the method of
integration and stating that the initial equation should be the mass gain rate

differential equation:
dW/dt=K,/2W (3.6)

as K, is itself time dependant. Markworth's (1977) final equation, the mass

gain due to anisothermal oxidation, is:
Wn=AQ/IR[(Z'n.e®™)=(Z'n. %) +E, (Zm)] (3.7)

Where the E; function can be expressed in terms of certain polynomial and

rational expansions of polynomials.

It was found that the Markworth model was very mathematically complex

when the heating rate was non linear. Both the Markworth and W-G (Wolf-
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Grochowski) models are based on linear heating rates. With this in mind Liu
and Gao (1998a) developed the model to make non linear heating easier to
incorporate. They expressed the continuously varying temperature of
anisothermal oxidation as many small isothermal holding steps. The sum of the
holding steps leads to the total mass gain over the time period. This can be

mathematically modelled as:

AWE =AW, 2+ K, . 8t (3.8)
where:
8t; = 8T/ o(T;) (3.9)
and
K, =A.exp (-Q/RT;) (3.10)

where a is the heating or cooling rate, T is the temperature, i is the time step
number, = 1, 2, 3, .....n, &t is the differential time step, 8T is the differential

temperature step and AW, = 0.

By re-writing the model with a linear heating rate it was seen to be consistent
with the Markworth model, thus the Markworth model is a special ekpression

of L-G (Liu and Gao) model with a linear heating rate. Predicted mass gain
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curves for the Markworth and L-G models with linear heating rates gave the

same results, whilst the /-G model gave much higher predictions.

The L-G model gave very accurate predictions when tested against the authors
own anisothermal oxidation experimental work on stainless steel, and against
work previously done by other authors on mild steel and Fe-Cr-Al alloys. In all

cases the model closely matched the experimental data.

The work of Wolf et al. (1976) specifically investigated the anisothermal
oxidation of titanium. Experiments consisted of heating 99.8% pure titanium
strips, 0.01-0.158cm thick by Scm by lcm, in a sealed reaction chamber
containing oxygen gas at 200 torr. The volumetric, gravimetric and temperature
data from the equipment enabled the analysis of the titanium oxidation reaction
rate. Heating cycles of the chamber specifically investigated linear and non

linear heating rates.

By analysing a number of different conditions it was found that the
anisothermal oxidation of titanium is accurately described by parabolic
reaction kinetics at low heating rates of ~ 0.5°C / sec and by sequential
asymptotic — parabolic kinetics at intermediate heating rates ~ 10°C / sec. The
asymptotic kinetics describe the initial oxidation of titanium, which was seen to
proceed at a faster rate than that described by the parabolic kinetics. The
reaction rate is seen to reach its asymptote and then proceed with parabolic

kinetics after a short while,
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The asymptotic and parabolic kinetics therefore apply sequentially to the

system. The parabolic rate law was found to be:
K, =1.94 x 107 exp (-54300 / RT) (3.11)

where K is in mg2 / cm* 57, The asymptotic rate law is described in terms of

oxygen fixation, as detailed in Evans (1960):
N=No+Ks(1-exp[-ct]) 12)

where N is the number of pores in the oxygen scale, N, the initial number of
pores in the oxide scale, ¢ = 0.03s™ and t is the time. K, is the asymptotic rate

constant which can be expressed as:
K.=2.82x 102 exp (17100 / RT) (3.13)

where K, is expressed in terms of moles O, / cm?.

Faster heating rates, in the case of the experiments conducted, ~22°C / sec,
could not be described by asymptotic or parabolic reaction rates. Under rapid
heating conditions the titanium was seen to have an increased reactivity which
occurred at lower temperatures than in the slower heating experiments. It was
postulated that this increased reactivity was due to an increase in the effective

reactive surface area. Stresses, imposed upon the titanium during the rapid
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heating, were thought to cause the increase in specimen surface area; however
oxygen solubility in the metal, oxide grain boundary oxidation, differential
thermal expansion (metal / oxide) and thermal gradients were all noted as other

possible causes.

The increased reactivity of the rapidly heated samples was seen to lead to
sample ignition. This was thought to be due to the liberation of the exothermic
oxidation energy at the sample surface, leading to the ‘thermal runaway’ of the
sample. Calculations, based on one set of experiments, concluded that ignition
would occur if the heat input was greater or equal to ~ 4.2 J/ cm® s™. However,
with this rate of heat input it was calculated that the temperature rise over the
whole sample would only be 2°C \ second. It was therefore assumed that

localised, rather than general, heating of the sample substrate lead to ignition.

3.3.3 Burning

Until recently there had been little detailed research into the burning of metals
due to the complex reactions involved and the physical difficulties in
investigating them. However, there is sufficient research to draw some broad

conclusions. .

A thorough work by Sirca ef al. (1991), using a real time gravimetric
technique, investigated the burning of 3.2mm titanium rod in oxygen. The
rod was held by a load beam, in the vertical orientation, in a sealed reaction

chamber and ignited at the bottom surface by a magnesium promoter. The
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burning of the rod and the formation of droplets was recorded by high speed
video camera. The mass gain due to oxidation and mass loss due to droplet

formation was measured by the load beam and recorded by a data logger.

Burning of metals can be classified via the Glassman criterion, which states
that if the boiling points of the metals oxides are below the boiling point of the
metal, combustion proceeds in the liquid phase. If the reverse is true then
combustion proceeds in the vapour phase. Given the quoted data for the boiling
point of titanium as 3550 K and the boiling points of TiO, TiO; and Ti,O; as
3270 K, 3000 K and 3300 K respectively, it was expected and experimentally
verified that titanium should burn in the liquid state (Glassman and Papas

1994).

The incorporation of oxygen into the metal as oxide during burning signifies
burning of the metal in the liquid state. This can be measured as a sample
weight gain during burning. It was additionally seen that incorporation of
oxygen into the material was the rate limiting step in the reaction. An increase
in oxygen pressure increased the burning rate, but not the amount of oxygen in
the product, which stayed constant at ~10wt%. This figure is seen to agree with
a quoted first-order heat-balance equation that indicated that 10wt% oxygen in

a sphere of titanium will support sustained combustion.

Recent investigations by Abbud-Madrid et al. (1996) into the ignition and

combustion of bulk titanium samples agree and expand on the findings of Sirca
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et al. Cylindrical titanium specimens, 4mm by 4mm long, were plaéed ina
sealed reaction chamber, filled with oxygen at atmospheric pressure. The
samples were heated to ignition by a 1000 W xenon lamp. Burning of the
sample was recorded by video, thermocouple, imaging spectrograph and a

diode array detector.

During the heating cycle an intermediate plateau is seen in the time-
temperature plot at the a-B titanium transition temperature, due to heat energy
supplied to the sample being used to change the crystal structure of the metal
and not heat the sample. Above this transition temperature the gradient of the
graph is seen to increase. This is attributed to the change from a parabolic
oxidation rate to a linear one. A critical temperature (Tcrt) is defined as the
point at which the heat generated by the exothermic surface oxidation of the
titanium equals the heat losses from the sample. Typically Tei was around
1700K. If the sample temperature passes Tcq, ignition will eventually occur,

even if the heat source is removed.

Ignition, defined as a runaway increase in temperature of the sample, is seen to
occur when the sample is a few degrees below the melting point of titanium
(1933K). This finding agrees with the conclusion of Sirca et al. (1991), that
titanium burns in the liquid phase. Ignition of the sample was observed to
coincide with the appearance of a luminous combustion reaction front.
Combustion temperatures were recorded to be over the 3000K limit of the

thermocouples used in the experiments. The combustion wave was seen to
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travel at an average speed of 16.2mm s'. Several studies have shown that
diffusion and convection of oxygen to the sample surface was the rate

controlling step in burning (Sirca et al. 1991).

Linking in to the above findings, a mathematical description of the ignition of
titanijum plate in an air flow by laser beam has been developed by
Poyurovskaya and Ryabcwuk (1989). The work highlighted a few interesting

points.

The heat source for the ignition of the plate was assumed to be the exothermic
oxidation reaction of titanium. The oxidation reaction was initiated by the
lasef, but was sustained by the exothermic oxidation reaction. A calculated
minimum enefgy intensity of 130000 W cm was required to ignite the plate. It
was seen that the reaction was only self sustaining if the oxidation reaction
kept the titanium surface molten. They calculated the radiative and convective
heat loss from the surface of the titanium to be ~200 W cm™. This was
calculated to be significantly less than the rate of heat conduction through the

metal.

It was seen that the melting of TiO, (2185K) hinders the evaporation of
titanium by forming a liquid film on the surface of the molten titanium. If the
temperature increases to above the decomposition temperature of TiO;
(3200K), no burning can take place, as TiO, becomes thermodynamically

unstable. At this temperature titanium is still liquid, but cannot oxidise.
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An interesting paper by Gunaji and Sinclair (1995) found that the burning
characteristics of titanium rod, ignited in a similar way to those in the work of
Sirca et al., changed with oxygen pressure. At low pressures (13.8kPa)
titanium burned violently, sparking considerably. Increasing the pressure
changed the burning mode to quiescent. This observation could indicate that
the burning of titanium at low pressures is in the vapour stage, as classified by
the Glassman criterion and investigated in the burning of aluminium Sirca et

al. (1991) and magnesium Abbud-Madrid ez al. (1996).

Additionally, Gunaji and Sinclair (1995) found that alloyed titanium requires a

greater threshold oxygen pressure to burn than that of pure titanium.

3.4 Reactions Between Powdered Titanium and Air

Tavgen et al. (1992) investigated by differential thermal analyser (DTA), the
behaviour of <40pum titanium powder, heated at 5°C / min, under atmospheric
conditions. From 280°C to 495°C the specimen increases in weight as oxygen
combines with the titanium. The rate of specimen weight gain was recorded to
increase linearly with the temperature. Upon reaching ~ 495°C rapid oxidation
was seen to occur, indicated by a significant exothermic effect on the
Differential Scanning Calorimitry (DSC) graphs and an increase in the actual
sample temperature. This effect subsided in the 620-680°C region but was seen

to reappear afterwards, up to a maximum testing temperature of 960°C. The
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rate of oxidation was seen to increase with temperature. The subsidence in the
exothermic effect between 620-680°C was attributed to the build up of oxide
scale on the powder surface, limiting oxygen diffusion to the titanium. The
subsequent increase in oxidation after the lull is attributed to the break up and
cracking of the thickening oxide shell, leading to direct metal — air contact and
therefore to the observed increase in oxidation rate.

The observed effects of oxide scale thickening on the reaction rate agrees with
the theories and experimental results reviewed in the texts of Kubaschewski
and Hopkins (1953) and Kofstad (1966) and seen in the papers of Dechamps et

al. (1976), Maksimovich et al. (1986) and Unman et al.(1986).

Tavgen et al. (1992) also held powdered samples at isothermal temperatures
from 300-800°C for a time of 1 hour. X-ray phase analysis reveals that TiO,
was the only detectable oxide and it was only found in samples held at 600°C
or greater. The amount of TiO, detectable was seen to increase with the

holding temperature.

Rode and Hlavcek (1994) worked on the reactivity of titanium powder in
oxygen and their work is in agreement with Tavgen et al. (1992). They
conducfed a wide ranging simultaneous thermogravimetric / differential
thermal analyser (TGA/DTA) investigation into the oxidation of three different
types of titanium powder; 40um-130pm, 30pm-150pm and 16pum-41pm.
Experiments were conducted in pure oxygen at atmospheric pressures.

Oxidation was seen to start from 455°C, with ignition of the sample, defined as
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a runaway temperature increase resulting in melting of the sample, occurring in

the 500°C £10°C region for all powder sizes.

No direct relationship between powder size and the oxidation start temperature
was found; this was attributed to the fact that the onset of oxidation is not just
controlled by powder size, but by prior oxygen content in the powder, powder
morphology, chemical composition and the powder’s previous thermal history.

Other results show that an increase in the sample size decreased the ignition
temperature, due to the reduced relative heat loss effect of the sample, figure
3.5, and that increasing the heating rate decreased the ignition temperature, as

shown in figure 3.6.

An interesting feature of the low heating rate (5 or 10°C / min) experiments
wefe the presence of flat spots in the DTA graphs that occurred just after
exothermic oxidation started. Subsequent analysis by SEM revealed that this
effect was due to the build up of a passive‘ oxide layer, that inhibits direct metal
/ oxygen contact. Continuing to heat the sample led to cracking and spalling of
the oxide layer. This promoted to the reappe;,arance of the exotherm which lead
to complete ignition. Tﬁis ties in with the findings of various other authors

reviewed in this text.

Additionally, pre-oxidised powders were compared with as-received powders.
The pre-oxidised powders have limited low temperature oxidation, but

spontaneously ignite at around 600°C, figure 3.7. This is contrasted with the
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gradual oxidation and ignition of the as-received powders. The behaviour of
the pre-oxidised powders is attributed to the presence of the pacifying oxide
layer already on the powders. This subsequently breaks down at the higher
temperatures, allowing direct metal-gas oxidation that spontaneously ignites

the powder.

Merzhanov et al. (1995) in their paper using time resolved x-ray diffraction
(TRXRD) found that ignition of a bulk sample of powdered titanium heated in
air occurred at around 500-540°C. The process of reaction was the formation of
TiO; and a solid solution of oxygen in a-titanium. Interestingly it was noted
that if the reaction front temperature exceeded the a-f titanium transition
temperature (1155 K) then titanium reacted with nitrogen as well as oxygen in
the air, the final oxide product being a TiO,-xN, modified rutile. The TiO;
oxide product found here agrees with the work of the previously mentioned

authors.

Bakhman ez al. (1998) in their paper on the critical conditions for ignition of
pressed titanium powder compacts found that there is an upper and lower limit
of pellet density in which a powder pellet would burn at a certain oxygen
concentration. Compressed rectangular samples were held in a flowing argon /
O, atmosphere. They were ignited via a Nichrome wire placed close to the top
surface of the sample (SHS mode). The oxygen concentration and sample
densities were altered so that a comprehensive map of sample burning at

different densities and oxygen concentrations could be obtained.
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When the density was above the upper limit no steady combustion occurred.
Two reasons were cited for this phenomenon. Firstly, it was attributed to the
increased heat conduction away from the surface of the specimen. Quoted data
shows that the heat conduction of a sample more than doubles as the density
changes from 60% of theoretical to 80% of theoretical. The data is shown in

table 3.5.

Table 3.5 Heat Conduction Through a Titanium Powder Compact with
Respect to the Compact Density. Bakhman et al. (1994).

% of theoretical density 60 65 70 75 80
A/ Wm'k! 2.6 3.0 3.8 4.4 54
A/ N density = 100% 0.16 0.19 0.24 0.28 0.34

Secondly, the thickness of the reacting surface layer was seen to reduced with
increasing compact density. This also contributed to non-steady combustion, as
there is less material combusting for a given compact size. If the pellet was
under the lower limit for steady combustion the pellet melted and lost its shape
as is burnt. The final product was then an oxide ‘puddle’.

The density range in between these two limits produces steady state burning of
the pellet. This is characterised by the formation of a dense oxide film on the
surface of the sample, with unburned titanium remaining within the bulk of the
sample. The completeness of combustion was calculate(i by measuring and
weighing the burnt sample. By assuming that the titanium oxidises only to

TiO,, the increase in weight can be attributed to the absorption of oxygen. It is
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then simple to calculate the amount of TiO; formed. They found that the
completeness of combustion, expressed as a percentage, decreases with
increasing density, as shown in figure 3.8. This was also found with titanium

compacts were burnt in nitrogen, figure 3.9 (Dunmead et al. 1989).

Results show that at an oxygen concentration of 10%, no burning took place at
any density. At 15% oxygen concentration, combustion just starts to occur in
25% dense samples. At 20% oxygen concentration, steady combustion is seen
to occur in samples up to 50% dense. At 50% oxygen concentration, samples
up to 60% dense burn steadily. Combustion with splashing and melting is seen
in all samples up to 74% dense in 100% oxygen atmospheres. The complete
results are shown in table 3.6. Figure 3.10 is a graphical representation of the
results, comparing the density of the sample and tﬁe lowest oxygen

concentration in which combustion of the sample is possible.

Table 3.6 Combustion Stability of Titanium Powder Compacts in Various
Oxygen — Argon Atmospheres. Bakhman et al. (1994).

C t density i 3 1% of (1 ical densi

O;/Ar | 111, | 1.34, | 1.51, | 1.56, | 1.96, | 2.22, | 2.67, | 2.69, | 3.33,
ratio 246 | 297 | 334 | 346 | 435 | 492 59.2 | 59.6 | 738

10/90 - - - - - -

15/85 +/- - - - -
$20/80 + + -

50/50 + + + + S+ + + -
75/25 + ++ ++ ++ + + .
100/0 + + ++ +—+ ++

Key: No combustion ( - ), combustion with very low completeness ( + / - ), stable
combustion ( +) and combsution with melting and splashing ( ++ ). In the combustion of Ti
in 75% O; + 25% Ar, stable combusion ( + ) was also observed when the density = 2.37,
2.45,2.56 and 2.63 g/ cm’.

61



In agreement with Bakhman et al. (1998), Dunmead et al. (1989) and
Filonenko and Barzykin (1996) both found that the density of a sample of
powdered titanium effects the burning reaction. In their experiments of
igniting, in the SHS mode, compacted cylindrical powdered titanium samples
in a nitrogen atmosphere, it was seen that the critical nitrogen pressure for
burning of the sample decreased with density, as shown in figure 3.8. Kudo and
Odawara (1989) and Filonenko and Barzykin (1996) both found that the
combustion velocity decreased with increasing compact density (figures 3.11
and 3.12). Additionally it was noted that burnt samples had a thin surface layer
of TiN, with the internal titanium containing a quantity of nitrogen in solid
solution. This finding is in agreement with Kume et al. (1992) who found that

the compositional profile of combustion nitrided titanium was TiN > Ti;N > «-

Ti > B-Ti.

Li and Ge (1996) investigated the combustion nitriding of compacted
powdered silicon and reported similar phenomena to those mentioned by other
authors. The adiabatic reaction temperature of the reaction 3Si + 4N => Si;Ny is
above the melting point of silicon. As the reaction occurred on the surface of
the compact, silicon beneath the reaction layer melted. This nitrided and
formed an impervious layer that stopped further rapid nitrogen penetration into
the compact. The exothermic heat generated by the reaction was sufficient to

melt the whole of the remaining unreacted internal silicon.
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3.5 Reactions Between Titanium and Al.03

Zhuravlev and Turchanin (1997) reviewed and investigated the interaction of
pure titanium and titanium in solution with Al,Os. It is known that up to 6 wt%
Al,0; can dissolve in a-titanium at 1200°C and that titanium can reduce Al,O;
above 700°C. However, results were only analysed after 60 hours of reaction.
In the 750-1600°C range titanium interacts with Al,O3; solid solutions of
aluminium and oxygen in titanium are produced. Titanium in solution with
other metals was seen to react with Al;O3 to form various titanium oxides at
the interface. This is in agreement with Kritsalis et al. (1991) and
Chidambaram et al. (1996) who both found that solute titanium in liquid
copper reacts with solid Al,O3 to form solid TiO on the Al;0;. This reduces the

solid — liquid interfacial tension and subsequently increases the wettability.

3.6 Reactions Between Titanium and Fe;0;

An exhaustive and thorough examination of the available literature found no
specific work published concerning the reactions between titanium and Fe,0s.
However, a paper by Bickley et al. (1991) investigated the reaction between
TiO, and Fe;0; at elevated temperatures. As all titanium has a nano film of
TiO; on its surface, the reactions described in the paper could relate to those

which occur in the initial stages of titanium - Fe,0Os reactions.

To investigate the reaction between Fe,O3; and TiO, Bickley er al. (1991)

produced a reaction mixture of equimolar quantities of powdered Fe,O; and
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TiO,. It was mixed, sealed in silica tubes and then heated in air for 24 hours.
The mixture was then analysed by XRD to investigate the changes occurring in
the chemical composition. The TiO had an initial structure of 80% anatase +
20% rutile. It was seen in the sample held at 500°C that the anatase to rutile
ratio had changed to 60% - 40%. This temperature is some 200°C below the
temperature at which the transformation occurs in pure titanium dioxide. It was
thought that the incorporation of iron (III) ions into the TiO; lattice facilitated
the transition. Higher holding temperatures increased the degree of
transformation from anatase to rutile. At 700 °C the ratio was 15% - 85%
anatase to rutile; at 800°C no anatase was detected. At the testing temperatures
of 800°C and 1000°C a third phase of pseudo-brookite (Fe;TiOs) was seen. At

800°C it is a minor phase, at 1000°C it is the major product phase, formed by

the reaction of Fe,O3 with TiO;.

Vacuum reduction of pure TiO,, Fe;O3; and samples consisting of mixed
equimolar quantities of Fe;03 and TiO, revealed some interesting phenomena,
as shown in figure 3.13. The reaction powders Were held in a vacuum of 108
torr, and heated at 5 K min™' from 450°C to 1000°C. The partial pressure of O,
in the chamber was recorded as a function of temperature. It was seen that TiO,
did not significantly decompose over the experimental run, which was in
agreement with other authdrs. The reduction o'f Fe,0; followed three distinct
stages of reduction, which correspond to the formation of Fe304 from Fe,0;
(680°C), then the formation of FeO from Fe;O4 (780°C), and finally the

reduction of FeO to metallic iron (1030°C).
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Interestingly, when the mixed equimolar powders were vacuum heated,
significant differences were seen. The initial release of oxygen from the
formation of Fe;0y4 is virtually absent and the release due to the formation of
FeO is reduced by roughly 50%. However a release of oxygen, approximately
equal to that suppressed at the lower temperatures is seen to occur in the
860°C-920°C region. The reason for the change in decomposition profile is not
fully understood. However, the change was hypothesised to have been due to
the formation of a new phase. This new phase must have formed before the
onset of the Fe,0; to Fe;04 transformation. Additional magnetic susceptibilify
studies found that the maximum solubility of irgn (III) ions in rutile to be ~ 3

at%.

3.7 Summary

The literature seems to be conclusive in the analysis of isothermal oxidation
kinetics. The kinetics are described as parabolic in the initial stages, changing
to linear after an extended period of time or an increase in temperature. The
changeover point is thought to be related to the thickness of the oxide scale

formed on the titanium, rather than purely as a function of time or temperature.

Linear oxidation kinetics were seen to occur in titanium with a scale thicker
than ~10um. This is due to a change in the structure of the scale above this
thickness. Initial scales are coherent, the kinetlics are parabolic and oxygen
diffusion through the TiO; scale is the controlling factor. Above ~10pm the
internal stresses in the scale cause it to crack, thus allowing oxygen gas to
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easily diffuse along the cracks to the metal surface. Under these conditions the

oxidation kinetics are linear.

Various researchers have concluded that the anisothermal oxidation of titanium
varies with the heating rate. Below a heating rate of ~ 20°C s™ the kinetics can
be described as parabolic, with perhaps an initial asymptotic kinetic in the early
stages of the higher heating rates. Above a heating rate of ~20°C s the
oxidation rate is above that described by parabolic and asymptotic kinetics.
This is thought to be due to an increase in the reacting surface area, caused by
stress within the sample. In general, it has been seen that increasing the heating
rate increases the oxidation rate of the titanium. This subsequently reduces the

ambient temperature at which the sample ignites and starts to burn.

Additionally, the sample size, or more importantly the surface area to volume
ratio of the sample, has been highlighted as a controlling factor in whether a
sample will ignite under fixed conditions. Samples with high surface area to
volume ratios have an increased tendency to ignite. Ignition of a sample when
the ambient temperature is below the melting point of titanium is caused by the
exothermic oxidation reaction, which increases the temperature of | the sample
producing a ‘thermal runaway’ effect. If the conditions are correct, this effect

leads to ignition and burning of the sample.

The burning of titanium is known to occur only in the liquid phase at

atméspheric pressures, with the incorporation of oxygen into the material being
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the burning rate limiting factor. A minimum of 10 wt% oxygen in titanium was
experimentally and theoretically seen to support sustained combustion.
Combustion of titanium produces temperatures over 3000K. For a given
sample and experimental procedure, defined sample temperatures and ambient

temperatures at which ignition will occur, exist.

When titanium is in powdered form, DSC experiments reveal exothermic peaks
caused by oxidation, occurring from 495°C onwards. The thickness and
.morphology of the scale on the oxide is seen to influence the oxidation rate and
hence the exothermicity. Initially the exothermic oxidation rate is high as
oxygen and titanium quickly diffuse through the thin oxide shell to react. The
oxidation rate then slows as a coherent oxide scale forms, leaving the oxidation
process governed by the diffusion of titanium cations through the oxide scale.
It then starts to increase as the scale cracks under its own internal stress and

direct metal — oxygen contact occurs.

Further heating can cause the sample to ignite. When the powder is pressed
into a cylindrical form, the sample density and gas pressure effect the burning
of the sample. Higher oxygen pressures and lower densities aid burning, as the

flow of gas to the reacting surface is the controlling factor.

Researchers conclude that the oxidation of titanium powder is heavily
influenced by the powder's previous thermal history, oxide thickness, diameter,

morphology, pellet density and ambient atmosphere.
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With respect to the modelling of anisothermal oxidation, a consensus has
appeared in the literature. Analysis reveals that the recent work of Liu and Gao
(1998a) on the development of the Markworth model is the most accurate way

to describe anisothermal oxidation.
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Figures
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Figure 3.1 The Ti - O Phase Diagram. ASM Handbook (1992b).
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Figure 3.4 The Oxygen Concentration Profile Across TiO; and the
Titanium Metal Substrate. Kubaschewski and Hopkins (1953).
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Figure 3.5 The Reduction in the Compact Ignition Temperature with
Increasing Size, for -100 Mesh (a) and -325 Mesh (b)Titanium Powder
Compacts Heated in Air. Rode and Hlavcek (1994).
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of Titanium Powders Burning in a 50 / 50 Argon-O; Atmosphere (Curve 1)
and a 25/ 75 Argon-O; Atmosphere (Curve 2) at a Pressure of 0.1MPa.
Bakhman et al. (1998)
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Figure 3.9 The Critical Nitrogen Pressure Required for Complete
Combustion of a Titanium Powder Compact to Stoichiometric TiN. The

Critical Nitrogen Pressures for Silicon and Niobium Powder Compacts are
Also Shown. Dunmead et al. (1989).
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Figure 3.10 Graphical Representation of Table 3.6 Data, The Effect of
Sample Density on the Lowest Oxygen Concentration at which Stable
Combustion of Titanium Powder Compacts is Possible.
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Figure 3.11 The Effect of Density on the Combustion Wave Velocity of
Titanium Powders Burning in Nitrogen. Kudo and Odawara (1989).
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Figure 3.12 The Effect of the Sample Density on the Combustion Wave
Velocity of Titanium Powder Burning in Nitrogen under Three Different Gas
Flow Regiems. Filonenko and Barzykin (1996).
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Figure 3.13 The Effect Of Vacuum Reduction on TiO2, Fe,0; and an
Equimolar TiO; / Fe;O3; Compacted Mixture as they are Heated at S K min™' .
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(1991).
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Chapter 4
Experimental Procedure

4.1 Introduction

The experimental procedures used in the research are recorded here, with
additional discussion to clarify certain points and methodologies. Any addition
detail specific to certain experiments is recorded in the relevant chapters. The
experimental programme involved the formation of compressed cylindrical
pellets from mixed starting powders. The pellets could then be heated to react

the powders in a SHS type reaction, forming a product phase.

4.2 Materials used

To enable the experiments to be compared to one another, all powders used

came from the same batch. Powders used in this research were:

e Titanjum: Goodfellows UK Ti006020, <150um, 99.5 wt% titanium
according to manufacturer. Prepared by the hydride-calcium reduction
mcthod and crushed to size. The hydride-célcium reduction method of
producing titanium results in a porous titanium foam. Crushing breaks up
the foam; however, the particles are still irregular, and thus have a larger
surface arca than they would have if they had been spherical. Figure 4.1
shows the morphology of the powder. Table 4.1 details the major

impuritics and table 4.2 details the powder size fractions:
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Table 4.1 Chemical Analysis of <150pum Titanium Powder
Values are in wt%.

C N 0 S Cl Fe

0.04 0.15 0.36 0.003 0.17 0.09

Table 4.2 <150um Titanium Powder Mesh Analysis (Cumulative)

Mcsh/um | Testl Test2 Average % of Powder in Fraction

>150 1.1 1.1 1.1%
>125 13.0 13.3 12.05%
>90 37.1 375 24.15%
>75 41.7 47.1 10.1%
>63 70.7 68.5 22.2%
>45 83.3 80.7 12.4%
<45 100 100 18%

o Titanium: PyroGenesis Inc; Montreal, Quebec, Canada. Spherical titanium
powdecr, one-off order, 75-125um. Commercially Pure. The titanium
powder was made by the novel plasma gun method. Solid titanium rod is
fed into the meeting point of the hypersonic hot gases from three plasma
guns, undcr incrt conditions. The resultant gas vortex and high heating rates
melts the titanium and blows it away from the solid feed stock. The
titanium produced is fine, of high purity and spherical. Figure 4.2 shows

the product.

e Titanjum: <355um. Supplicd by the London and Scandinavian

Mctallurgical Company UK. (L.S.M.) Prepared by the hydride-calcium
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reduction mcthod and crushed to size. Figure 4.3 shows the morphology of

the powder. It has a porous structure that is characteristic of the production

method. Chemical analysis of the powder is detailed in table 4.3 and the

powder size analysis is dctailed in table 4.4:

Table4.3 Chemical Analysis of <355um Titanium Powder

Values are in wt%.

N

0]

S

Cl

Fe

0.12

0.23

0.73

0.004

0.21

0.12

Table 44 <355um Titanium Powder Mesh Analysis (Cumulative)

Mesh um Testl Test2 Average % of Powder in Fraction

>250 15.9 17.6 16.75%
>180 47.0 48.6 31.05%
>125 66.7 68.2 19.65%
>90 78.7 83.2 13.5%
>63 90.8 96.3 12.6%
>45 97.1 99.0 4.5%

<45 100 100 1.95%

o Iron oxide: Aldrich UK 31,005-0, Fe;O0;, <Sum, 99+% according to

manufacturer. Figure 4.4 shows the powder. Chemical analysis : Fe =

69.89%. Powdecr size analysis is shown in table 4.5
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Table4.S Powder Size Analysis of Fe;O; via '"Microtrac' Analysis

Size /pm 0.9 1.4 1.9 2.8 39 5.5 7.8 11 16

Cumulative vol % 1.3 53 12,1 | 31.7 | 582 | 79.0 | 919 | 978 | 100
Below size

Powder Size Distribution - Powder Diameter at:

10™ Percentile - DVyg | 50™ Percentile - DVsg | 90™ Percentile - DV

1.75um 3.56um 7.46pum

Other powdered materials used in the experiments were:
e Graphite: Aldrich UK 28,286-3, Synthetic, <lum. Produced from a bonded
granular carbon body that has been heated to above 2400°C.

e Alumina: Al;0;, <Sum. Stoichiometric composition.

4.3  Sample Preparation

4.3.1 Weighing, Mixing and Pressing

The mass of the powders used in the compositions was determined by molar
masscs. A typical reaction composition of Fe;O3 + 3 Ti, employs 1 mole of

Fe,03 and 3 moles of titanium. The molar mass of Fe;0; is:

(2x55.9)+ (3 x 16) =159.8 g mol! 4.1

The molar mass of titanium = 47.9 g mol™. This is multiplied by 3 to equal

143.7g. Therefore, the balanced masses of Fe;O; and titanium for the reaction

of:
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Fe;03 + 3 Ti = Fe;05 (159.8g) + Ti (143.7g) (4.2)

These values were translated into manageable quantities, e.g. 15.98g Fe,0; and
14.37g Ti per mixed batch of powder. For each sample the reactant powders
were weighed to an accuracy of + 0.01g on a electronic digital scale. The
weighed powders were then scaled in a plastic container and mixed for at least
20 minutes by a Turbular mixer (Glen Creston, UK). Due to the low density
and fine particle size of the powders, 10mm @ steel ball bearings were added to
the mix, to brcak up powder agglomerations and aid particle interaction.
Without the ball bearings the powder tended to settle within the container and
not mix. Once mixed the powder was sieved to retrieve the ball bearings and to

break up any small powder agglomerations that had formed.

Pellcts were produced by cold pressing the powder under an uniaxial load of
~350MPa in a steel die of 12mmd. A pellet length of between 15mm and
20mm was sufficient to allow easy manipulation, viewing and analysis. Such a
pellct contains around 8g of material. Pressing was performed in a Moore (UK)
40 ton uniaxial press. Before each pressing cycle the die was cleaned to remove
any previous powder and coated in a suspension of lithium stearate in acetone,
which acted as a lubricant. The acetone quickly evaporated leaving a fine

lithium stearate film on the die.

All weighing, mixing and pressing of the powders was carried out under
normal atmospheric conditions. Once pressed, the pellets were either reacted

immediately or placed in an scaled inert atmosphere to prevent any degradation
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due to atmospheric contamination such as oxidation or water vapour

absorption.

4.4 Combustion Methods

4.4.1 Radiant Heat, Box Furnace (Ambient Atmosphere)

A Carbolite UK scries LMF 12 / 3 radiant heat, electric box furnace was used
to facilitate the heating of pellets in air. The furnace was held at the desired
temperature for at least 30 minutes prior to experimentation, so that an even
temperature was achieved throughout it. Pellets were placed on alumina

furnace boats and placed in the furnace for the desired length of time.

4.4.1.1  Deducing the Reaction Time

Ti+ALO;

The time to the start of the reaction of these pellets was deduced to the nearest
10 seconds by optical observations of the pellet in situ, via the chimney, over
typically S runs. Once the reaction time was deduced from the previous trials a
final experiment was run for the full standard length of time. This was required
for experimental completeness as the reaction occurred after a few minutes in
some samples, but longer in others. At the end of this time the pellet was

removed from the furnace and allowed to cool to ambient temperatures.
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Ti+Fe:0y

The time to reaction for these compositions was deduced via an audible
explosion and puff of smoke which accompanies the reaction. Visual
inspection confirmed the pellet had reacted. Again, once the reaction time had
been deduced over a number of runs an pellet was placed in the furnace for the
standard length of time. The pellet was then removed from the furnace and

allowed to cool to ambient temperatures.

4.4.2 Radiant Heat, Tube Furnace (Argon Atmosphere)

A scaled Carbolite UK series STF 15 / 50 tube furnace was used to facilitate
the heating of the samples in a flowing argon atmosphere. The samples were
placed on alumina / silica ceramic wool on a steel furnace boat in the centre of
the furnace tube, so the samples were in the middle of the heating zone. The
tube furnace was scaled and flushed with argon for 10 minutes before heating
commenced. The flow rate was decreased to limit any thermal shock occurring
from the cold gas touching the tube and the furnace turned on. The heating rate
from 20°C - 300°C was 10°C / min, from 300°C to the desired temperature was
20°C / min. After the heating cycle had finished the samples were left to cool

in the furnace, still in a flowing argon atmosphere.

4.4.3 Tungsten Filament (Argon Atmosphere)

An in house constructed vacuum glove box was used to facilitate the heating of
pellets by a tungsten filament. The glove box is required to provide an inert

atmosphere that enables the filament to opcrate at high temperatures. Without
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the incrt atmosphere the filament oxidises rapidly and fails within 5-10
seconds. A schematic of the apparatus is shown in figure 4.5, whilst figures

4.6 and 4.7 show the actual apparatus and the intemai set up.

The pellet was placed atop the graphite block. A tungsten filament, constructed
from 0.38mm pure tungsten wire, in the shape of a W, was positioned roughly
Imm from the top surface of the pellet. The glove box is then sealed and
evacuated for at lcast 1 hour. Once evacuated the chamber is back filled with
argon gas. The process is conducted three times, keeping the third fill of gas in
the chamber. It is under these conditions that the pellets are ignited. A current
is passed through the filament to resistively heat it. The radiative heat from the
glowing filament is absorbed by the pellet thus raising the temperature of its
top surface. Once the top surface reaches the ignition temperature, Tig, the

reaction starts and a reaction wave is seen to propagate down the pellet.

4.5 DataRecording

4.5.1 Temperature Measurements

The combustion reaction temperature is an important factor in the
understanding and analysis of SHS reactions. An Ircon 2 colour pyrometer was
employed to measure this parameter. A 2 colour pyrometer was required as
considerable smoke and fume are produced during the reaction. In such a
situation, the reading from a single colour pyrometer records a reduction in
temperature in relation to the decrease in signal strength occurring. A 2 colour

pyrometer takes its reading from the difference between two different recorded
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wave lengths and is therefore less sensitive to smoke and obstruction of the

sample.

The pyrometer employed has a temperature range of 1000°C - 3000°C. It is
accurate to within 1% of the full scale. A analysed spot size of 4mm diameter
can be achieved when the pyrometer is placed at around 350mm from the
sample. Pre-hcating by the tungsten coil iﬁcreases the reaction rate and
temperature in the top scction of the pellet. Therefore to obtain an accurate
reading of the actual reaction temperature, and reducing the effect of any pre-

heat interference, the pyrometer was focused at the mid point on the pellet.

The analogue voltage output data from the pyrometer was sampled, at a
frequency of 100Hz, by an IBM compatible personal computer running a

"Waveview' software package.

4.6 Microstructural Examination

4.6.1 Sample Preparation

46.1.1  Mounted and Polished Samples

SHS rcaction products were mounted in ‘Edge Retaining® Bakelite for analysis
by optical microscope. The samples were crushed to a rough powder. High
ccramic content products easily crushed to <2mm pieces, products with a high
metallic content were harder to crush, resulting in >5Smm particles. Once

mounted the samples were polished on progressively finer silicon carbide and
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diamond abrasive laps, to a final finish of lpym. No etching was required on

these samples.

46.1.2 SEM Samples

Samples for analysis in the SEM were mounted in ‘Conductive’ Bakelite. The
same polishing regime as above was used. For use in the SEM conducting

aluminium tape was used to eliminate any build up of éharge on the samples.

46.1.3  XRD samples

All samples for XRD analysis were roughly crushed before being hand-ground
to a very fine powder. The powder was then pressed into a depression in the
XRD powder holder and smoothed over so that the surface of the powder was
at the same height as that of the holder. In this way the possibility of peak

shifting in the spectra, due to the height differential, was minimised.

4.6.2 Optical Microscopy

A Nippon Optiphot facilitated the examination of microstructural features in
the samples. Magnifications up to 1000x were employed. The use of polarised

and coloured light help bring out certain metallographic features.

4.6.3 Scanning Electron Microscopy (SEM)

A JOEL Winscm 6400 Scanning Electron Microscope and Philips FEG-ESEM

Microscope were used to investigate the samples.
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46.31  JOEL 6400

The JOEL was the primary piece of investigative equipment. Operating
conditions varied depending on the application, however a typical accelerating
voltage of 15-20kV was utilised at a working distance of between 15-39mm. In
sccondary electron imaging (SEI) mode high resolution and depth of field
images, photographic negatives and digital printouts, were obtained. Back
scattered electron imaging (BSI) enabled distinctions between chemical
composition to be scen. Elements with high atomic numbers backscatter more

electrons and therefore appear brighter.

The attached ‘Noran’ energy dispersive X-ray (EDX) analysis system was
used to determine the chemical composition of the samples. Spot analysis
facilitated the examination of discrete areas within the sample. Quantitative
chemical analysis of the samples down to the atomic number of 6 (carbon) is
possible, however, for accuracy the system was only used to quantitatively
analyse the elements of aluminium and higher. The minimum spot size is
dependant on the spot size / dead time set up. The spot size directly affects the
dcad time which has to be in the range of 20 to 30%. Thus the spot size is

usually in the 2-5um range.

4632  Philips FEG-ESEM

The ESEM is a high resolution environmental scanning electron microscope.
The magnification and resolution are significantly greater than those of the
JOEL 6400. The inclusion of an accurate EDX system on the microscope

makes it an impressive investigatory tool. The system was used to chemically
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spot analyse specific areas in the samples and optically examine the sintered
samples in fine detail. The spot size for such EDX analysis was <Ipum although
the volume o‘f analysis was governed by beam spréading. The field emission
gun (FEG) produces a greater electron density in the beam than a conventional
SEM gun. It was therefore necessary to use a reduced voltage to stop
degradation of the material. Typical voltages are in the region of 5-15kV,

operating under a high vacuum.

4.6.4 X-Ray Diffraction Analysis (XRD)

XRD analysis was used to determine the phases present in a bulk sample of
material. A ‘Siemens Kiristalloflex’ using Cu Ko radiation, operating at 40kV
and 20mA was used to facilitate this. The standard analysis method utilised a
20 step rotation of 0.03° with a dwell time of 2 seconds. Samples for
examination were prepared as detailed previously. Problems were encountered
as the metallic piuases present in the samples did not easily crush into a fine
powder. Thus they are left as large particles in the bulk sample and sieved out
before analysis. The ceramic phases easily comminute and consequently the
XRD analysis is primarily of the ceramic phase and contains only a small
amount of the metallic phase. The results were subsequently only used to
determine the nature of phases in the sample, not their relative amounts.
Analysis of the spectra was via a ‘Siemens Diffrac-AT v3.0° PC based

computer system, using PDF-2 standards, sets 1-41.
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Chapter 4

Figures
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Figure 4.1 SEM Micrograph of Goodfellows <150pum Titanium Powder
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CP . Ti

Figure 4.2 SEM Micrograph of Pyrogenesis Spherical Titanium Powders
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10 um
Figure 4.3 SEM Micrograph of the Surface of Aldrich <Spm Fe;O3; Powders

200 pm
Figure 4.4 Optical Microgrpah of Sectioned LSM <355um Titanium Powders
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Figure 4.5 Schematic of the in-house built Vacuum Box and Experimental set up.
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Figure 4.6 Experimental Equipment — External View

The pyrometer and related computer based data logging equipment can be seen adjacent to the blue
vacuum box, in which the argon atmosphere experiments were carried out.
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Figure 4.7 Experimental Equipment — Detail inside the Vacuum Box

A pressed titanium powder pellet is seen sitting on top of the graphite mount. The height of this can
be adjusted by the carrier. A tungsten filament can be seen in position, ready for heating.
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Chapter S

The Reaction Between Titanium and Air, and Titanium
and Iron (III) Oxide, Heated in the Thermal Explosion
Mode.

5.1 Introduction

The aim of this work is to understand the oxidation behaviour of titanium and
titanium + Fc,0; powder compacts, as they are heated in air and argon
atmospheres. The results of these investigations will form the theoretical basis
for the understanding of the self-propagating reaction that occurs between
powdered titanium and Fe;O;. By subjecting whole pellets to different heating
regimes, covering temperatures that are above and below the ignition point of
the pellet, the processes that occur in the powders prior to and during ignition
and reaction can be inferred. This data can then be related to the processes that

occur when pellets are ignited in the SHS mode.

Due to the complex, intcrrelated nature of the parameters involved in the
process of oxidation, this chapter specifically investigates the physical
observations of compressed powder oxidation. Explanations and models of

oxidation are produced in the following two chapters.
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5.2  Experiments

A serics of expcriments has been conducted that investigate the oxidation
reaction that occurs bctween titanium and air and between titanium and Fe,0s.

There are 4 scrics of experiments.

e Scries 1: Examination of the effect that heating has on compressed titanium

powdcr compacts in an air atmosphere.

e Serics 2: Examination of the effect that heating has on compressed mixed

titanium and A1,03 powder compacts, in an air or argon atmosphere.

e Scrics 3: Examination of the effect that heating has on compressed, mixed

titanium and Fe2O; powdcr compacts, in an air or argon atmosphere.

e Secrics 4: Examination of the reaction that occurs between bulk titanium and

Fe,03 powdcr under an inert atmosphere.

5.2.1 Series 1: Titanium Powder Compacts Heated in Air

It is known from the litcrature that titanium exothermically oxidises. Powdered
titanium compressed into a compact has been seen to ignite when heated to
relatively low tempceratures i.e. <S0pum titanium powder heated to 550°C
(Tavgen et al. 1992). This is due to the compact heating up due to exothermic
oxidation, Icading to an increased oxidation rate and thus thermal runaway of

the compact. This lcads to compact ignition and combustion (Rode and
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Hlavcek 1994). The rescarch here looks at the oxidation process of titanium
powder compacts as a starting point in the understanding of the Fe,O3 + 3Ti

combustion rcaction.

Pellets were produced in the standard way as described in Chapter 4 except that
hand pressing was employed to compact the pellet. It was found that pressing
the pellets in the uniaxial hydraulic press to ~350MPa caused sufficient plastic
deformation to close the surface porosity of the pellets. The pellets then
behaved as bulk samples and as such did not meet the requirements of the

experiment.

Pellet morphologics were kept as similar as possible across all the experimental
series, so that information gained during the experiments could be related to
one another. It was calculated that the density of titanium within a
hydraulically pressed Fe,Os3 + 3Ti pellet is ~36.5%. Pellet densities were found
by weighing and mcasuring the pellets. A digital electronic balance with an
accuracy of £ 0.0lg was employed to weigh the pressed pellets. The
dimensional measurcments were found with the use of Vemfer Callipers. As
can be scen from Table 5.6, hand pressing produces whole pellet densities that
are of comparable value to the density of Ti in a hydraulically compressed
Fe;O; +3Ti pellet, the effect being that both pellets have similar titanium
powder distributions, and results can be compared. The series was broken

down into 2 hcating regimes:

e A:Expcriments conducted in a pre-heated furnace of constant temperature.
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e B: Expcriments conducted in a furnace that was heated from ambient

temperatures at 10°C/ min to the desired holding temperature.

In all experiments the pellet was held at the desired temperature for 20 minutes.
It was found from initial expcriments that a time of 20 minutes was sufficient
for the sample to rcach the furnace temperature. Initial experiments showed
that if the pellet had not ignited after 20 minutes, then it wduld not ignite at all.

The maximum hold time for this test was 24 hours.

Both scts of experiments were conducted with a variety of powder size
fractions as shown in Table 5.2 and 5.3. The powder fractions were obtained by
sieving the LSM grade titanium (<355um) with an Endecotts (UK) Octagon

Digital vibratory sicve.

In these experiments, the ignition temperature is defined as the temperature of
the furnace which promotes ignition — and consequently burning of the pellet.
Burning of the pellet is characterised as self-sustaining oxidation of liquid
titanium (Glassman and Papas 1994). It can be determined in a number of

ways.

e Bright whitc optical radiation, accompanied with flames, smoke and

possible melting of the pellet.

e Optical pyrometry records an increase in temperature of the surface of the

compact above the melting point of titanium metal, 1670°C.
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e Post rcaction analysis of the pellet reveals significant morphological and

chemical changes in the titanium — evidence of liquid phase titanium metal.

Pellets that had not ignited exhibited none of the characteristics described

above.

Experiments were conducted at furnace temperature intervals of 25°C. Internal
tempcrature fluctuations within the furnace precluded greater accuracy. Tables
5.1 and 5.2 dctail the experimental parameters that were employed in the

series A and serics B experiments respectively.

Table 8,1 Titanium Powder Diameters and Furnace Holding

Temperatures Employed in Series 1A Experiments
W i Holding Temperatures / °C

)] . <355

()] 355-250

()] 250-150

(2 <150 475, 500, 525, 550, 575, 600, 625

(2) 150-90 ‘

(2) 90-53

(8) <53

(1) denotes powder from LSM (g) denotes powder from Goodfellows

Table 5.2 Titanium Powder Diameters and Furnace Holding
Temperatures Employed in Series 1B Experiments

wder Si Holding Temperatures /°C
355-250 475, 500, 525, 550, 575, 600,
150-90 625, 650, 700, 750, 800, 850.
>53 + (Heating rate 10°C/ min)
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5.2.2 Series 2: Titanium Powder + Al,O0; Compacts Heated in Air

and Argon

In this scrics of experiments, <Spm Al;O3 powder is utilised to produce a pellet
morphology similar to that of a titanium and Fe,O; pellet i.e. provide packing
between the Ti particles. The AlO; was mixed into the titanium powder at a
powder volume identical to that of Fe,O3 for a pellet of composition 3 moles Ti

+ 1 mole Fe;0s. It was calculated that, by volume, 1mole of Fe;O3 = 1.2 moles

of A|203.

In this way the rcaction of the titanium with air could be examined under
similar conditions to its reaction with air in a Ti + Fe,03 pellet. Titanium has
only been scen to react with Al;O3 when the titanium is in solution in a molten
carrier metal (Zhuravlev and Turchanin 1997). This situation will not occur in
these experiments and the Al;O;3 can therefore be classed as an inert pac;king
material. The pellets were produced as described in the Chapter 4. Ignition
was again dctermined by ihsitu examination and post heating-cycle
examination. Hydraulic pressing was chosen as the compaction method to
produce a pellet with similar density characteristics as a hydraulically pressed

3Ti + Fe;0; pellet.

The behaviour of the pellets heated under an argon atmosphere was examined.
Whilst these pellets were predicted not to react, the experiments were done for
experimental completeness. Due to the héating regime of the furnace the
minimum holding time was 60 minutes. Table 5.3 details the experimental

parameters cmploycd in both air and argon atmosphere experiments.
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Table 5.3 Pellet Compositions, Titanium Particle Size and Furnace
Temperatures and Holding Times Employed in Series 2 - Air-
Atmosphere Furnace Experiments

- " Titanium Particl di °C | Hold Ti
Size {min

AlLO; +3Ti <150um 550, 600 20

Al;O; +3Ti <355pm 550, 600 20

Pcllet Compositions, Titanium Particle Size and Furnace Temperatures
and Holding Times Employed in Series 2 - Argon Tube Furnace
Experiments

ALO; +3Ti <150pm 550, 600 60
ALO; + 3Ti <355um 550, 600 60

5.2.3 Series 3: Titanium Powder + Fe;0; Compacts Heated in Air

and Argon

The first two scries of experiments investigated the reaction of pure titanium
with air and argon. This series incorporates Fe;Oj3 into the compact. The Fe,0;3
is expected to react with the titanium and act as an oxygen source during

combustion.

Pellets of composition 3Ti + Fe;O3 were produced and pressed into pellets as
described in Chapter 4. These pellets are similar to those in Series 2 except for
the change from the inert A1;O; to the reactive Fe;03. The reaction between the
two powders was examined under air and argon atmospheres. Heating the
pellets in an incrt argon atmosphere allows the examination of the feaction
between titanium and Fe;O; without any influence from elements or
compounds found in air, notably O; and N». The tube furnace, used for heating
in an incrt, argon atmosphere precluded optical observation of the pellet. It was

still possible to determine if ignition had occurred by analysis of the pellet after
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the heating cycle. Due to the heating regime of the furnace the minimum hold
time at the dcsired temperature was 60 minutes. Table 5.4 details the

experimental paramcters employed.

Table 5.4 Pcllet Compositions, Titanium Particle Size and Furnace
Temperatures and Holding Times Employed in Series 3 - Air
Atmosphere Furnace Experiments

c ;" Titani 'E icle | Holding T oC | Hold Ti
Size {min

Fe,03+ 3Ti <150um 550, 600, 650, 700 20

Fe,O3 +3Ti <355 pm 550, 600, 700 20

Pellet Compositions, Titanium Particle Size and Furnace Temperatures
and Holding Times Employed in Series 3 - Argon Tube Furnace

Experiments
Fe,0; + 3Ti <150pum 550, 600, 700 60
Fe;0; + 3Ti <355pm 550, 600, 700 60

5.2.4 Series 4 : Bulk Titanium and Fe,0O3; Reactions

The experiments in Scrics 3 investigated the effect of heating a compact of
composition Fe;O; + 3Ti. Ignition of the compact completely changed the
morphology and chemical composition. Examination of the interactions
between Fe,03 and titanium was only possible in compacts that did not ignite.
The expcriments in scrics 4 were designed to allow observation of the
intcraction between titanium and Fe;Oj; at higher temperatures and in greater

detail.

Experiments compriscd of heating a polished commercially pure titanium disc,
6mm @ by Imm thick, surrounded by >10mm of Fe,03 powder, in an argon

atmosphere tube furnace for a desired period of time. The interface reaction
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between the two matcrials was then examined by carefully removing the disc
from the Fe,0;3, sectioning and mounting it, and analysing it by SEM. XRD
analysis of the flat side of a non-sectioned disc allowed the surface, down to a
depth of about 5um to be analysed. Any iron oxide that was still bonded to the
disc was also included in the analysis. Experiments that were conducted are

shown in table 5.5.

Table 8.5 Furnace Temperatures and Hold Times Employed in
Scrics 4 - Bulk Titanium Samples Experiments
oG Hold Time / mi
800 45
900 30
1200 15
5.3  Results

5.3.1 Series 1 : Titanium Powder Pellets Heated in Air

53.1.1 Series 1A : Titanium Powder Pellets Held in a Pre Heated Fumace in Air.

Table 5.6 dctails the densities of the pellets. The values are rounded to the
nearest whole percent. Table 5.7 records the temperature of the furnace that
was required to promote ignition of the pellet and the effect of the furnace

temperature on the time it took for a <150pum titanium pellet to ignite.
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Table 5.6 The Calculated Pellet Densities for Various Pellet
Compositions Under Hand and Hydraulic Compaction
Titanium Powder Si Density of Hand | : 5
Pellet Pressed Pellet
1)) <355um 41% 68%
Q) 355-250pum 38% 68%
()] 250-150pm 37% 66%
(2 <150pum 42% 67%
(2) 150-90pm . 36% 75%
(2) 90-53um 39% 76%
(® <53pm 42% 79%
(1) denotes powder from LSM (g) denotes powder from Goodfellows

Table 5.7 The Furnace Temperature Required to Promote the
Ignition of Compacts from Experimental Series 1A in Air.

<355 650
<150 600
355-250 575
250-150 575
150-90 525
90-53 525
<53 500

The Effect of the Furnace lolding Temperature on the Time Taken for
Experimental Scries 1A Compacts to Ignite in Air,

Furnace Tempcrature / °C Time to Ignition / minutes
950 0.5
850 0.5
750 1.5
650 3.5
600 45

Figure 5.1 shows a <355um titanium powdecr pellet after hydraulic pressing.

Figure 5.2 is the same pellet after being placed in an air atmosphere furnace at
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650°C for 20 minutes. The pellet has a white / yellow outer surface and there is
evidence in the scctioned pellet, of a change in colour of the titanium powder
that is close to the pellet surface. The bulk‘ of the titanium powder remains
visibly the same as the as-pressed pellet, retaining its original colour and still in

powder form.

In comparison, figure 5.3 shows a hand pressed <355um titanium powder
pellet after heating under the same conditions as the hydraulically pressed
pellet seen in figure 5.2. The left hand pellet shows the top outer surface, the
right hand pellct is scctioned. The top surface is again predominately a yellow /
white colour. The grey area on the surface of the pellet is caused by incomplete

combustion, due to that area touching the furnace boat.

The sectioned pellet reveals the internal morphology. The outer most layer is
again white / ycllow, the next layer is grey. A thin gold layer separates the grey

layer from the internal purple / blue colour titanium.

The dimensions of a typical hydraulically pressed <150pm titanium powder
pellet are shown in figures 5.4 and 5.5. Figure 5.6 shows the pellet after it had
been placed in the furnace at 600°C. The left hand pellet is sectioned and the
right hand pellet dctails the outer surface. As in the <355um titanium pellets,
the outcr surface is a yellow / white colour. The sectioned pellet revéals three
distinct laycrs; the white / yellow outer coating, an intermediate golden with

purple / blue layer and the intcrnal grey area.
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Figures 5.7 and 5.8 show the results from hand pressed pellets that have
undergone the same heating process. Figure 5.8 is taken under different
lighting conditions. In figure 5.7, the upper sample shows a side view of the
pellet. The typical white / yellow outer coating is apparent. It is seen to have a
‘shiny” appcarance. The bottom two samples are sections. It can be seen that
significant changes have occurred. Four distinct regions exist within both the
pellets. They can be more clearly seen in figure 5.8. The layers can be

categoriscd as follows.

1. A whitc/ yellow colour, shiny outer surface.
2. A grey, porous layer bencath.
3. Ablue/ purple/ gold coloured layer.

4. A foam like central core.

Closer microscopic obscrvations reveal additional features. Layer 2 is a grey
foam of ccramic appcarance and consistent morphology across its width. Layer
3 is still powdery and can be scraped away with tweezers. Layer 4 (the internal

core) is of metallic appcarance and has a coarse foam structure.

The optical pyrometer was employed to record the temperature profiles of the
<355um and <150um hand and hydraulically pressed titanium powder pellets
as they burnt in the air furnace set at 650°C. Figure 5.9 plots the recorded
temperaturc against time for the pellets. The effect of the powder size and the
pressing conditions can be scen. From optical observations it was possible to

sce the pellet heat up before a visible combustion wave passed through the
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pellet. The combustion wave always originated from the comer of the pellet
nearest the rear furnace wall, the hottest place in the furnace. The maximum
recorded combustion temperatures for the pellets under investigation are shown

in Table 5.8.

Table 5.8 The Maximum Recorded Combustion Temperatures of
Pellets of Different Titanium Particle Size and Pressing Conditions, as
they Burn in an Air Atmosphered Furnace Held at 650°C
Powder Size / um and Pressing Maximum Burning Temperature /

Sonditi °C
<150 Hand 1825
<150 Hydraulic 1660
<355 Hand 1650
<355 Hydraulic 1350

53.1.2 Series 1B : Titanium Powder Pellets Heated at 10 < / Min in Air

Table 5.9 rccords the temperature of the furnace required to promote ignition

of the pellets.

Table 59 The Recorded Furnace Temperature Required to Promote
Ignition in Compacts from Scries 1B Experiments in a Air Furnace with
a 10°C min™ Heating Rate

Required to P Pellet lemition / °C
355-250 800
150-90 550
>53 500

Pellcts that had undergone ignition had similar morphdlogies to those seen in

pellets that had ignited in pre-heated furnaces e.g. figure 5.8. Figure 5.10
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shows the relationship between the furnace temperature required to promote

ignition of the pcllets in both series A and B.

5.3.2 Series 2 : Titanium Powder + Al;O3; Pellets Heated in Air and
Argon

Table 5.10 dctails the tempcrature of the furnace required to promote ignition
of the pellct. Table 5.11 details the calculated densities of the pellets used in

the experiments.

Table 5,10 The Temperature of the Air Atmosphere Furnace Required
to Promote Ignition of the Hydraulically Pressed Al,O;3 + 3Ti Pellets
from Experimental Series 2.

: ” T Partic] YT— .
ALO; +3Ti <150pm 600
AlO; +3Ti <355um 650

The Temperature of the Argon Tube Furnace Required to Promote
Ignition of Hydraulically Pressed AL, O3 + 3Ti Pellets from Experimental
Series 2,

ALO; +3Ti <150pum No ignition
ALO; +3Ti <355um No ignition

Table 5,11 The Calculated Densities of Hydraulically Pressed Pellets of
ALO; + 3Ti with Different Titanium Powder Sizes as used in
Experimental Series 2,

Titanium Powder Size Density of Pellet
<355um : 72%
<150pm 73%

Figure 5.11 is an optical photograph of a hydraulically pressed <150um

titanium powdecr pellet prior to heating in the furnace. Figures 5.12 and 5.13 are
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optical micrographs of powder taken from the pellet surface after heating at
650°C for 20 minutes. At this furnace temperature the pellet has ignited.
Optically, the pellets that have ignited have a similar morphology to those seen
in figure 5.2. The pellets have a yellow / white surface coating, followed by a
grey porous intermediate layer. The core material still remains powdery and is

of a yellow / purple / blue colour.

Two additional intcresting features of the powders from these experiments are
noted. In the figures the black background matrix is mounting compound,
Bakelite. Lower centre (mark X) in figure 5.12 is a silver particle with a thick
grey outer layer. EDX analysis reveals the silver material to be titanium and the
grey outer layer to be TiO,. Other powders in these figures exhibit similar
characteristics. Central (mark X) in figure 5.13 is a grey particle with a
dispersion of a dark grey secoﬁdary phase. EDX analysis reveals the dark grey
dispersion to be Al;O; and the surrounding grey material to be TiO,. The
diameter of the Al,O; particles is similar to the size of the starting Al,Os

powdcr.

A coherent picce of the surface from the reacted pellet is shown in figure 5.14.
Central to the figure (mark X) is a silver particle, EDX analysed to be Ti,
surrounded by a dark grey layer (mark Y) of TiO,. The light grey background

matrix (mark Z) was EDX analysed to contain Ti, Al and O.

The grey, porous intcrmediate layer is shown in figure 5.15. A larger silver

particle (mark X), EDX analysed to be titanium, is in the top left corned of the
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figure. The remainder of the figure depicts the grey layer (mark Y). EDX
analysis reveals the layer to be TiO;, with the dispersion of dark grey particles
as Al,Os. Titanium metal is found around the outside of the grey TiOz foam
(mark Z). Figure 5.16 is an XRD analysis of the crushed pellet. Titanium, TiO,
(rutile) and Al;O; are the only phases detected. No detectable Al / Ti

compounds are formed.

Figure 5.17 is an optical micrograph of powders taken from a pellet heated to
650°C in the argon atmosphered furnace. No sign of reaction is detected, the
powders have the same morphology as the as received material. XRD analysis

of the powder detected no TiO.

5.3.3 Series 3 : Titanium Powder + Fe 03 Pellets Heated In Air and
Argon

Table 5.12 rccords the experimental results for this series.
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Table 5,12 The Minimum Temperature of the Air Atmosphere
Furnace Required to Promote Ignition of the Hydraulically Pressed
Fe,03 + 3Ti Pellets of Various Titanium Powder Sizes from
Experimental Series 3.

mﬁiz: Lminutes I‘W Temition of 1 Ignition/
Compact/°C
Fe,03+ 3Ti | <150pum 20 600 3.0
Fe,O; +3Ti | <150pum 60 600 3.0
Fe,O0; +3Ti | <355 um 60 650 3.5

The Minimum Temperature of the Argon Atmosphered Tube Furnace
Required to Promote Ignition of the Hydraulically Pressed Fe,O; + 3Ti
Pellets of Various Titanium Powder Sizes from Experimental Series 3.

Fe;03 +3Ti | <150pm 60 600 Not
Recorded

Fe;O3 +3Ti | <355um 60 650 Not
Recorded

Table 5.13 records the densities of the pellets used in the experiments.

Table 5.13 The Calculated Densities of 1lydraulically Pressed Fe,O; +
3Ti Pellcts Containing <355pum or <150pum Titanium Powders.

Titanium Powder Size Pellet Density
<355pm 74%
<150pm 74%

Figures 5.18 and 5.19 show a <150um titanium and Fe;O; pellet prior to
heating. The even dispersion of titanium powder in the Fe;O; can be seen by
examination of the top surface of the pellet in figure 5.18. The pellet after
heating in an air atmosphcre furnace at 600°C is shown in figure 5.20. The
product consists of solidified ‘puddles’ of material. The outer coating of the
material is white / yellow in colour. A schematic of the product morphology is

shown in figure 5.21
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When crushed, the ‘puddle’ was seen to consist of a ceramic shell surrounding
a metallic lump. XRD analysisvof the crushed ceramic shell is shown in figure
5.22. The shell consists of TiO and Ti;O3 oxides. Whilst the morphology of the
product was consistent under both atmospheres the XRD data detected the
presence of Fe,Ti in the reactions that occurred in air. No Fe,Ti was detected in
the argon atmosphere reactions. The XRD analysis was based on a powder

sample and therefore the metallic lump was not included.

Figure 5.23 is an SEM micrograph of the metallic part of the sample. Some
dark grey ccramic phase is scen in the lighter grey metallic phase. EDX
analysis of the mctallic phase reveals it to be ~90% iron / 10% titanium. The

ceramic phasc was EDX analysed to be the composition of TiO.

Pellets that had not ignited after the period of time in the furnace were
analysed. These ‘sintered’ samples may provide information concerning the

reaction mechanisms that occur between the powders prior to ignition.

5331 ‘Sintered’' Compacts Heated in Air

Figure 5.24 is a E-SEM photo of powder taken from a pellet containing
<150pm titanium powder that had been heated to 650°C for 3 minutes. A
titanium particle (mark 1) surrounded by Fe,O3; powder (mark 2) is seen. The
Fe,03 powder has sintcred and there is intimate contact between the sintered
Fe;0; and the titanium particle in the form of a bridge between the two (mark

3).
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Figure 5.25 is an E-SEM photo of two titanium powders, in contact with one
another and some Fe;O; powder. The Fe;03; powder at the upper left hand side
of the figure (mark 1) appears to be sintered to the titanium. Figure 5.26 is the
backscattered clectron image of figure 5.25. Table 5.14 details the EDX

analysis obtaincd at the points marked on figure 5.26.

Table 5.14 EDX Analysis at Points on Figure 5.26
Mark Tiat% Qat% Feat%
1 15 48 38
2 10 44 47
3 86 8 7
4 60 33 7

Figure 5.27 and the related close up image in figure 5.28 are backscattered
electron images of two titanium powder particles, surrounded by Fe,0s, taken
from the same pcllet. Table 5.15 details the EDX analysis obtained at the

relevant marks on figure 5.28.

Table5.15 EDX Analysis at Points on Figure 5.28

Mark Tiat% Qat% Feat%
: 4 45 51
2 37 43 20
3 50 46 4

Figure 5.29 and the rclated backscattered image in figure 5.30 detail a ~80um
titanium powdecr particle surrounded by Fe,O;. Close up images of the titanium

powder particle arc shown in figure 5.31 and the related backscattered image in
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figure 5.32. The obtained EDX analysis of areas marked on figure 5.32 are

shown in table 5.16

Table 5,16 EDX Analysis at Points on Figure 5.32
1 100 0 0
2 100 | 0 0
3 83 17 0
4 . 48 52 0
5 - 42 : 58 0
6 44 56 0
7 4 51 45
8 , 2 - 49 49

5332 ‘Sintered’ Compacts Heated in Argon
A difference was observed in the oxide shell around the titanium particles

when it was heated in an air or argon atmosphere.

Figure 5.33 is an optiéal micrograph of a pellet containing <355;;1r'n‘ titanium
that had Bccn held at 650°C for 60 minutes. An oxidé shell (mari( 1) around a
titanium powder particle (mark 2) is seen, the oxide shell contains bright
metallic looking paﬁiclcs. The larger particles appear on the outer edge of the

oxide layer, and smaller particles are scattered within it.
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Figure 5.34 is a SEM SEI micrograph of powder taken from the same sampie.
Bright particles are scen within the oxide shell (mark 1) that has broken away

from the central titanium particle (mark 2).

Figures 5.35 and 5.36 are SEM micrographs of pqwder taken from a pellet
containing <150pum titanium that had been held at 550°C for 60 minutes. The
two micrographs show the same area of sample, figure 5.35 is taken with
secondary elcctrons, figure 5.36 from backscattered electrons. In figure 5.36
titanium particles (marks 1) with a substantial oxide layer (mark 2) surround
some iron oxide powder (mark 3). The presence of the secondary phase within
the oxide layer is clear to see. The atomic number of the secondary phase is far
higher than the titanium metal, the oxide layer or iron oxide powder. The

fineness of the sccondary phase precluded it from accurate EDX analysis.

5.3.4 Series 4 : Bulk Titanium and Fe,O; Reactions

Figure 5.37 is a XRD analysis of Fe;03 pbwder, heated in an air or argon
furnace at 800°C for 1 hour. The results are used as control for the
experiments. XRD analysis of the surface of the discs after heating in argon are

shown in table 5.17.
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the Argon Atmosphere

Table 5.17 XRD Analysis of the Surface of the Discs after Heating in
d Tube Furnace at Various Times and

Temperatures.
XRD Analysis
800 45 TiO,, FeO
900 30 TiO,, FeO
1200 15 TiO,, Ti

Some titanium metal was detected within the 1200°C sample as the surface of

the disc had substantially flaked, and thus was revealing the internal material.

The peaks detected for titanium metal were very small and had shifted slightly

along the 2 0 scale, which is probably due to the absorption of oxygen into

solution within the matrix.

The intcrface between the titanium and the Fe,O; was investigated by E-SEM.

Figure 5.38 shows an intact area of the reaction interface. Figure 5.39 is a close

up region 1 in figure 5.38. The EDX analysis of the material at the points

highlighted on the figure are shown in table 5.18

Table 5,18 EDX Analysis at Points of Figure 5.39
1 100 0 0
2 41 59 0
3 46 54 0
4 2 50 48

The small scalc of the interface precludes accurate analysis of finer areas.
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A cracked scction of the interface from the same sample is shown in figure

5.40. EDX analysis of the material at the points detailed is shown in table 5.19

Table 5,19 EDX Analysis at Points of Figure 5.40
Mark Tiat% Qat% Fe at%
1 32 67 1
2 45 55 0
3 i3 67 0

The morphology of the interface of the 1200°C sample is shown in figure 5.41.
EDX spot analysis at a number of places around the area conclusively place the
composition as TiO;. The outside layer (mark 1) has a denser morphology to

the inner arcas (mark 2).

5.4 Discussion

5.4.1 Series 1: Titanium Powder Pellets Heated in Alr

Series 1 experiments investigated the oxidation and ignition characteristics of
pressed titanjum powder compacts, heated in air. Experiments have been
conducted that examine the influence of the ambient temperature, the titanium
p7owdcr diameter and the pellet density, on the oxidation and ignition

mechanisms of the pellet in air.

It is well known that the oxidation of titanium is exothermic (Kubaschewski

and Hopkins 1953). When the oxidation rate is small enough and the sample
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large enough, the encrgy released by the oxidation results in a negligible
temperature rise within the sample. However Sirca ef al. (1991) have shown
that by reducing the size of the sample, maximising its surface area and
increasing the oxidation rate, the energy released by oxidation can cause
significant rises in the temperature of the sample. These temperature rises can
be large cnough to cause localised melting of the sample that consequently

leads to ignition and combustion.

Previous rescarchers (Tavgen et al. 1992, Rodes and Hlavacek 1994,
Merzhanov et al. 1995 and Bakhman et ;zl. 1998) have examined the oxidation
of titanium powdecr, pressed and loosc, under various conditions. It is clear that
oxidation of titanium is detectable from around 455°C, with powder ignition or

detectable rises in sample temperature occurring from around 500°C,

5411  The Effect of the Pellet Size and Density

The pellct density is known to have a éonsiderable effect on the ignitidn of
pellets of titanium hcatekd in gaseous environments (Bakhman et‘ al. 1998;
Filoﬁcnko and Barzykin 1996 and Dunmead et al. 1989). In this research the
pellets had densitics between 36-42% of theoretical and were of consistent size,
at 12mm& .and 15mm length. It was found that the pellet density is not
dependent on the titanium powder size used in the pellet (téble 5.6), however,
this variation of pellet density across the powder size range can be discounted
as it is small and not consistent with the effect that pellets rﬁade from smailer
powders ignite at lower furnace temperatures (table 5.7). As such the effect of

pellet density and size were not investigated in this research.
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54.1.2 The Effect of the Titanium Powder Diameter

It is seen that there is a clear relationship between the temperature required to
promote ignition in a pcllet and the titanium powder diameter (table 5.7). The
results show that the furnace temperature required to promote ignition

decreases as the diamcter of the titanium powder decreases.

This effect has not been critically examined in the literatﬁre. No conclusions
could be drawn from Rode and Hlavacek’s (1994) work as the previous
thermal history of the powder and the powders chemical purity overrode any
powder diamcter effcct on the ignition temperature of the sample. However, it
was shown that an oxygen content of ~1.5 at% of the powder particle was '
enough to influence its ignition temperature. In the experiments conducted in
the current rescarch, two sources of titanium powder were used. They were
both manufactured by the same method and stored under the same conditions.

The chemical analysis of the powders revealed that the <355um titanium
powders have twice as much oxygen than the <150um powders (tables 4.1 and

4.3), however, the quantities are still less than 1 at% and therefore are not seen

as an overriding factor in the reactivity of the powder.

The tendency of small diameter powder pellets to ignite at lower temperatures
than thosc made froni larger diameter powders is due to the surface area to
vblume ratio. Smaller diameter powders have a larger surface area to volume
ratio than larger powders. For an ideal particle oxidising exothermically at a
constant rate, X J / mm? of surface area would be liberated. The smaller

powder has a higher encrgy liberated per volume of material than the larger.
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Therefore, under fixed conditions, the temperature rise of the smaller powder
would be greater. This, in turn, leads to an increased oxidation rate and heat

energy output (Rode and Hlavcek 1994).

5413 The Effect of the Heating Rate

The pclléis used in the research were of consisfent size and density. ‘For é
certain p;)wdcr fraction it is therefore assumed tha{t the thermal conductivity
would be the same for all pellets (Kalpakjian 1992). In series 1A experiments
(where cold pelicts were placed into heated fumaces) the heating rate of the
. pellets increases with the furnace temperature, the net effect being that the time
spent at the lower temperatures decreases as the furnace temperature increases.
This effect is fully investigated in the next two chapters. The recorded time to
ignition fell as the furnace temperature increased, although this was not

critically examincd, table 5.7.

Series 1B (10 °C/ min heating rate) revealed that a higher furnace temperature
is required to ignite the pellets when they are heated at a slow rate when
compared to the rapid heating that occurs when they are placed in the furnace
at a constant temperature, figure 5.10. This effect was seen by Rode and
Hlavacck (1994) who proposed that the thickness of the oxide shell influences
the ignition temperature of the titanium powders (figures 3.5 and 3.6). Powders
heated at slow rates have more time to grow an oxide layer than powders
placed into a hot furnace. The thicker oxide layer slows additional oxidation,
and thus hcat cncrgy release. It is only when the oxide reaches a thickness
sufficient for it to crack, leading to metal air contact, that ignition occurs. The
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experimental evidence detailed in figure 5.10 verifies this theory. The <355
titanium powder, which ignites when placed in a hot furnace at 650°C, required

the furnace to be at ~800°C when heated at 10°C / min., to promote ignition.

It has been proposed that oxidation of titanium is only significant above
~500°C (Tavgen et al. 1992 and Merzhanov et al. 1995); thus small diameter
powders (<53um) which ignite at around that temperature have no time to gain
a significant oxide layer before ignition. The <355um powders require rapid
exothermic oxidation before they ignite, evidenced by the 650°C furnace
temperature that promoted ignition. The slow growth of the oxide layer when
the heating rate is 10 °C / min is not sufficiently exothermic to promote
ignition as the exothermic heat is lost to the surroundings. The oxide’s growth
additionally stifles the oxidation rate. This raises the ambient tempefature
required to ignite them. It is therefore possible to either reduce the heating rate,
or increase the particle éize, to such an extent that ignition would never occur.

The sample would just oxidise completely without ever combusting.

5.4.14 | Oxidation Characteristics of the Pellet

~ The oxidation of the pellet is of great interest in the understanding of the
mechanisms which promote pellet ignition. In the experiments conducted in
this rescarch the size of the titanium powder and the pellet density are the two

factors which influence these mechanisms.
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The combustion temperatures of the pellets as they oxidise is related to the
pellet density and the powder diameter. Figure 5.9 and table 5.8 shows that the
low density, hand pressed, <150um titanium pellets have the highest
combustion temperature, whilst the hydraulically pressed <355um titanium
pellets have the lowest. It is known that the melting point of one of the reaction
phases is often the maximum temperature a reaction will reach (Glassman and
Papas 1994). This relationship is observed in the burning of titanium powder
pellets in air. The hand pressed 150um péllet has a maximum reaction
temperaturc of ~ 1830°C. Taking into account any errors in the measurement,
this is very close to the meliing point of TiO; (1855°C). The maximum
reaction tecmpcratures of the hydraulically pressed 150um titaniﬁm and hand
pressed <3SS pm titanium pellets are 1660°C, which is exactly the 'sam>e as the
melting point oftitanium metal. The hydraulically pressed <355umrpellct has a
lower recorded reaction temperature of 1350°C. If this is’accurat‘e, it is
evidence that the compact ha;s konly‘ undergone a solid state exothermiq

oxidation rcaction.

Figure 5.9 rcveals additional information about the combustion waves of the
pellets. As the p);romctcr is focused on one discrete area of the pellet it rqcords
the time the combustion wave is in that area. A shoﬁer time indicates ﬁ faster
combustion wave. The combtistion speed is seen to increase witﬁ maxnnum
combustion temperature, indicating that pellets With lower densities and
smaller powdcr diamcters have higher reaction ratés. This observétion is in
agreement with Filoncnko and Barzykin (1996), figure 3.11 and Kudo and

Odawara (1989), figure 3.12. The lower density of the compact (higher
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porosity) facilitates oxygen penetration into the pellet. This increases the
amount and rate of powder reacting, raising the combustion wave temperature.
Small diameter powders ignite at lower temperatures and are consumed at a
faster rate than larger powders, hence the combustion wave is smaller in width
(rapid ignition and consumption) but is hotter (more powder reacting and heat
butput) and travels faster (powder ignites at lower temperatures) than that of a

larger powdecr pellct.

An interesting phenomena recorded for the hand pressed <355um titanium
pellet is the occurrence of an “after burn’ as described by Dunmead et al.(1989)
and shown in figure 5.42 . The ‘after burn’ occurs when the combustion wave
progresses back up the compact, converting more of the metal to the product.
Dunmecad ef al. (1989) observed the effect when burning titanium in nitrogen.
The product 6f the primary combﬁstion wave is a layer of TiN around the
titanium powders. There is also substantial nitrogen is solid solution in the
titanium. The second (afterburn) combustion wave increased the t.hickness of

the TiN laycr and the amount of nitrogen in solid solution in the titanium.,

It is scen from figures 5.2, 5.3, 5.7 and 5.8 that the totality of conversion of the
titanium mectal to oxide is greatly affected by the pellet density, and too a lesser
extent, the powder diameter. The dcgree of morphological change is directly
linked to the pellets maximum combustion temperature as referenced above
(table 5.8). The hand pressed pellets show significant changes to their
morphology when compared to their initial state. The hydraulically pressed

pellets show less evidence of oxidation. The changes have been classified in
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section 5.3 and can be attributed to the high temperature oxidation of the
titanium. The white / yellow layer outer skin colour and rﬁorphology is
- characteristic of a thick, defect rich, layer of TiO; (Rode and Hlavacek 1994
and Abbud-Madrid et al. 1996). Beneath that, the grey porous layer is
characteristic of a thin layer of TiO,. In next layer the colour change of
titanium from blue = purple = violet = gold reflects the changing oxides
present on the remaining powders. TiO, is white, but oxygen deficiencies
darken its colour to grey or blue, Ti;Os is blue / purple, Ti,0s is violet and TiO
is golden yellow (table 3.2). It is therefore obvious that the amount of titanium
oxidation decreascs towards the centre of the pellet. Within th‘e centre of the

hand pressed <150pum titanium pellet is a porous mass of titanium metal.

The change in morphology within the ;;ellct can be attributed to the presence of
oxygen within the pellet and the exothermic heat generated by that oxidation.
Obviously, titanium can only oxidise if there is oxygen present. Thus, in all
cases, the surface has undergone the most significant oxidation and is
consistent across all tl;e samples. The pellet density and powder diameter have
a greater cffect on the internal oxidation. A highly dense pellet has a much
lower porosity than a low density pellet, thus, oxygen has difficulty travelling
inward to the centre of a highly dense pellet. Work by Dunmead and Munir
(1989) and Bakhman ef al. (1998) confirm the effect of pellet density on the
conversion of titanium by gascous media, figure 3.8. In the case of a pure
nitrogen atmosphcere, conversion of the titanium to TiN, is increased as the
nitrogen pressure is incrcased and / or the pellet density decreased, figure 3.9.

In agrecement with this, it has been shown that the limiting factor in the
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combustion of titanium is the availability of oxygen, and its ability to get to the
combustion front (Abbud-Madrid et al. 1996). The work presented here agrees
with these findings. The oxidation is seen to greatest on the outside and least in

the centre.

The two interesting fcatufes found in the pellcts are the porous TiO; layer just
“under the surface of the hand pressed»pellets and the porous titanium mass
found, in particular, at the centre of the <150um titanium pellet. The TiO; layer
could only have formed in the presence of a liquid phase, as it is not a sintered
powder (individual powders sintered together exhibiting necks and solid state
diffusional bonds), but a porous solid (a foam). In pellets where the exothermic
oxidation of the pcllct is sufficient to raise the temperature of the pellet above
the melting temperature of titanium, the titanium will be liquid. The effect of
the combustion wave, only meltihg a certain part of the pellet at one time,
could form the porous solid. This phenomena is expanded upon in series 2,

figure 5.15.

The lack of complcte combustion of the pellet can be explained by the
formation of the outcr oxide layer. This inhibifs the free passage of oxyger;
toward the centre of the pellet and limits the reaction. The effect has been seeh
previously by Bakhman et al. (1998). The metallic foam in the centre of the
hand pressed <150pum titanium pellet can be explained by the high temperature
of the reaction and the lack of oxidising .conditions caused by the oxide shell.
This enables the central core to liquefy but not to oxidise. The metal is not in a

solid lump as the combustion wave passes down the pellet and therefore the
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internal powdcrs do not liquefy at the same time, but rather particle by particle.
This causes the porous structure. The same effect may cause the porosity in the

TiO; layer.

At high pellct densities the oxidation of the internal powders is considerably
reduced, ﬁguré 5.2. The outer skin is still present but there is very limited
oxidation of the internal powders. The lack of porosity and probable rapid
sealing over of the external pores by the surface oxidation reaction, limit the
oxidation of the powder. The lack of conversion of the powders is a common
trait in the gas-phase SHS reaction of high density pressed powder pellets.
(Kudo and Odawara 1989, Filonenko and Barzykin 1996 and Dunmead and

Munir 1989)

5.4.2 Series 2 : Titanium Powder + Al,0; Pellets Heated in Air and
Argon |

Series 2 experiments analysed the effect that small particles within the titanium
powder would have on the oxidation and ignition characteristics of the pellet.
These pellcts were designed to have a similar morphology to that of a Fe,O3 +
3Ti pellet. Due to this similarity in morphology, the oxidation of these peilets
would reveal the effect of separating the titanium particles and the effect that
gaseous oxidation has on the titanium present in the Fe,O3 + 3Ti pellets. The

effect of just the Fe;O; on the oxidation can then be deduced.

Titanium powdecr pellets containing Al,O3 were pressed hydraulically, and

show an incrcased density over pure titanium pellets due to the pore filling
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effect of the fine Al;O;, table 5.11. The Al,O; containing pellets had densities
of ~72%; similar pure titanium pellets had densities of ~67%. For the size of
titanium powder in question, both the Al,O; containing and pure titanium
pellets are scen to require the same furnace temperature to promote ignition. ’As
the pellet densities are not significantly different, in this context, Al,O; has no

effect on the temperature that was required to promote ignition of the pellet.

The reacted pellcts had similar morphologies to the titanium pellets. As they
were hydraulically pressed, oxidation was limited but still evident. As in the
pure titanium pellcts from Scries 1, a TiO; skin is seen to have formed over the
surface of the pellcts. The structure of the oxide skin is detailed in figure 5.14.
Beneath the skin, the porous TiO; layer (mark Y) is found, figure 5.15. A
comparison of this layer and the titanium powder (mark X) typifies the degree
of change in the morphology. The TiO; is clcar to distinguish from the silver

titanium mctal (mark Z).

The presence of a liquid. phase was found conc.lusively in the Series 1
experiments. Proof of the presence of liquid titanium or TiO; is found in figure
5.13 and figure 5.15 where ALOs particles are found within the formed TiO,
oxide. Thus, cven zit these high densities With the presence of inert particles,
the exothcrmic oxidation of titanium is sufficient to cause localised melting of
the titanium. The titanium is thought to have melted rather than the TiO, as the

maximum combustion temperature of a pure hydraulically pressed <150pm

titanium pellct is scen to be 1660°C, close to the melting point of titanium.
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XRD analysis of the reacted pellet, figure 5.16 shows that the oxidation
product is TiO; and that there is no detectable A1,03 / Ti reaction. As expected,
pellets that were heated under an argon atmosphere show no signs of oxidation

or reaction.

5.4.'3 Series 3 : Titanium Powder and Fe;0; Pellets Heated in Air

and Argon

Series 3 experiments investigated the reaction that occurs when pressed pellets
of Fe;O3 + 3Ti powders arc heated in air or inert atmospheres. An
understanding of this reaction is the initial step in understanding the complex

interactions that occur between Fe;0O3 and titanium when they heated.

Many self-propagating SHS reactions between two solid reactant compounds
are initiated by the formation of a liquid phase. The liquid phase allows the
reaction rate to increase by orders of magnitude, facilitating the self-
propagating exothermic reaction. Experiments in Series 1 and 2 reveal that a
titanium based liquid phase (titanium metal or TiO;) occurs during the
combustion of titanium in air, although this may not be the initiating step.

In these expcriments, pcllets of composition Fe;O3 + 3 Ti were pressed
hydraulically. Titanium powders of <355’p.m and <150um were used in the
pellets. The densitics of the pellets were ~74% of theoretical, table 5.13. This
slight increase in dcnsity in the Fe,0O; containing pellets over those in Series 2
was due to the Fe203’s inherent moisture content, that aids compressibility over
the dry Al O3 powdcrs. However, the pellet morphology - porosity, density and
particle arrangcrﬁcnt in the pcllct - was similar between the two.
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Under both air and argon atmospheres, the <355um Ti + Fe,O; pellets required
a furnace of 650°C to promote ignition, whilst the <150pum Ti + Fe,O; pellets
required a 600°C furnace. These temperatures are the same as those that were
required to promote ignition in the AL,O; + 3Ti pellets of Series 2. The time to
ignition of the p;:llcts is also similar to the pure titanium pbwder pellets, table

5.12.

54.3.1 Reactions In Air

In the casc of the air furnace, the furnace temperature and time that was
required to promote ignition in the Al,O3 and Fe;0; containing pellets §vas the
same. There is no difference between these temperatures as the liquid phase
that forms during the oxidation of titanium by air, as seen in Series 1 and 2,
would have initiated the reaction between the Fe,;O; and titanium. Whatever
the composition of the first liquid phase, the reaction is initiated in the same
time frame as pure titanium pellets. This is indicative of similar reaction
kinetics and thus a similar ignition mechanism — the exoﬁemic oxidation of
solid titanium by gascous oxygen reaching a sufficient temperature that a liquid

phase forms.

The product of the reaction is scen to be completely different to that of those in
Series 1 or 2, figure 5.20. The exothermicity of the reaction has completely
melted both the products to form a ‘puddle’ in the furnace boat. Upon
examination the ‘puddle’ was scen to consist of a ceramic shell containing a
discrete mctallic lump within, figure 5.21. To form this morphology the

products must have been liquid at some point. The additional energy required
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to melt the products is produced by the exothermic oxidation — reduction
reaction that occurs between the titanium and the Fe;O;. As the Fe;0; is
dispersed throughout the pellet and in stoichiometric quantities, there is no

oxygen deficiency and conversion of all the titanium to oxide occurs.

The ceramic shell and predominately iron metallic core both contain small
quantities of each other. The SEM micrograph in figure 5.23 shows a portion
of the mectallic phase. Within the light metallic part of the sample, clearly
defined darker TiO areas are secn. Some of the areas appear to have dendritic

features which is evidence of the TiO precipitating from the melt..

As these reactions have been carried out in air, it is not clear what reactions are
occurring as the pellet is heatcd. It is probable that the initial reaction is
between titanium and gaseous oxygen. This oxidation becomes increasingly
exothermic and at a point, the Fe;O; and titanium reaction will initlialise.
Whether this reaction occurs before or after the formation of a liquid phase is

impossible to determine from these experiments.

From figure 5.9 it is seen that the reaction temperatur; reached by a
hydraulically presscd <150pum pure titanium pellet is 1650°C. Fe,O; and iroﬁ
have melting tempcraturcs of 1565°C and 1535°C respectively, titanium melts
at 1670°C. It is therefore conceivable that the first liquid phase to form
contains iron. This could be confirmed as the XRD analysis in figure 5.22
shows that Fe,Ti is present in the ceramic shell product. This is evidence that

titanium / iron intcrmetallics are forming.
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5432 ‘Sintered’ Samples Heated in Air

The actual course of the reaction between the Fe;O; and the titanium can be
investigated by the analysis of pellets which have been heated to below the
ignition promoting temperature. These pellets reveal the process of oxidation
and reduction that occurs between titanium and Fe,O; powders that are in
intimate contact. There is free oxygen available from the atmosphere that will

influence the process of oxidation.

The E-Sem photomicrographs in figures 5.24 through to 5.32 reveal in detail
the reaction between Fe;O; and titanium powder when heated in air. All the

figures come from identical samples.

Figures 5.24, 5.25 and 5.26 show the initial stages of the reaction between
titanium and Fe;0;. Sintering of Fe;0; particles occurs, figure 5.24, and Fe,0;
sinters to the titanium as well, figure 5.25. The morphology of the pellet clearly
enables Fe;0; powders to be in intimate contact with the titanium, figures 5.25
and 5.26 and table 5.14. In marks 1-3 the oxygen concentration decreases in
accordance with the visible reduction in the amount‘ of Fe,;O; present between
the titanium pellets. This is evidence of a pure titanium and Fe,O; reaction as
opposed to a titanium and air reaction. Interestingly, the oxygen concentration

found under mark 4 of figure 5.26 is roughly the maximum solubility of

oxygen in o titanium.

The next stage of the reaction is seen in figures 5.27 and 5.28. From the EDX

analysis of figure 5.28, table 5.15, it is clear that TiO is forming around the
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titanium particle (mark 3). The Fe;O; is being reduced to FeO during this
process (mark 1). Between these phases is a mixed titanium / iron oxide. The
Fe,03 powder is additionally sintering together. This is evidence of localised
heating of the powder, as the surrounding Fe,O; remains unsintered.
Morphologically, these reaction sites are where Fe,O; is pressed between
titanium powders. The titanium oxide is forming on the titanium metal surface
— as can be scen in figure 5.28. This is evidence that the titanium cations are
moving into the Fe;0;. This is characteristic of the initial stages of titanium
oxidation. The portion of oxide under mark 3 could have easily been a Fe;0;
powder that has been changed to TiO. This theory is supported by the presence

of Fe in this area.

The next stage in the reaction can be seen in figures 5.29, 5.30, 5.31 and 5.32.
Figures 5.29 and 5.30 show a whole titanium powder particle that has areas of
oxidation throughout it. The morphology of the titanium means that there are
plenty of arcas in which Fe;0; is in close contact with the titanium. The close
up SEM micrographs in figurcs 5.31 and 5.32 clearly show the reaction
mechanism. In figure 5.32 F§203 is sintered to the oufer edge of the titanium
oxide that forms over the particle. As the oxidation method is titanium cation
movement outwards, the Fe,O; is being consumed by the titanium. The
titanium oxide has a composition around that of TiO / Ti,0; (marks 4, 5 and 6
in table 5.16). The EDX analysis under mark 3 would include too much of the
titanium substrate for an accurate analysis. The iron oxide has a composition
near that of FcO (mark 7 and 8 in table 5.32), evidence of Fe,0; reduction by

the titanium. Obscrvations of other Fe;03 powders not touching any titanium
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show that they have not sintered. It could be that the localised heating caused
by the oxidation process is aiding the sintering process. The lack of oxygen
found within the titanium powder at marks 1 and 2 is due to the early stage of

the reaction.

5433 Reactions in Argon

The argon furnace expcriments differ from the air furnace eXperiments in two
ways, the hcating rate of the sample and the inert atmosphere. It was not
possible to deduce the ignition tirﬁe of the argon heated pellets, but it is known
from the hcating rate of the tube furnace (20 °C / min from 300°C) and their
ignition temperature (600°C) that it must take at léast 15 minutes to get to the
ignition tempcrature. This is 5 times longer than the air furnace experiments. |
In the argon atmosphere, the Al,O3 containing titanium powder pellets of
Series 2 did not react. As Fc;0; only decomposes slightly in an argon
environment up to 800°C, figure 5.37, there must be a reaction occurring
between the titaniqm and Fe;O; that promotesA ignition of the pellet. The
reaction product of the. Fe;0;3 + 3Ti pellet looks similar to that of a pellet that
has reacted in air. Figure 5.22 shows that no Fe,Ti is detected in the ceramic
shell. The rcason for this is not known as’data such as the combustion

temperature and ignition time could not be obtained.

54.3.4 ‘Sintered’ Samples Heated in Argon.

It is conclusively shown that metallic particles are found within the oxide shells

of samples hcated under argon, figures 5.33, 5.34, 5.35 and 5.36. These
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metallic particles are almost certainly iron, figure 5.36. The particles have
come from the reduction of the Fe.Os by the titanium, as it is seen that Fe203
will not significantly reduce by itself in argon up to 800°C, figure 5.37. The
presence of iron particles within the oxide shell, in the argoh atmosphere
experiments, is duc to a different oxidation mechanism than that in ihe air
atmosphered experimentg. In an air atmosphere there is an abundance of free
oxygen. This can easily combine with the titanium at the surface of the pellet.

It is here that combustion is initiated.

In argon, there is no gascous oxygen to combine with the titanium. All of the
dxygen has to come froxln?tﬁe reduction 6f Fe203. The reaction is initially solid
state as at the furnace temperature that promotes ignition all of the constituents
are solid. To promote ignition, the reaction must be exotherrﬁic and must form

a liquid phase at some poirit.

It is clear that the Fe;Os + Ti reaction is complex. At present it is impossible to
determine the actual reaction mechanism. However, theoretically the reaction
between titanium and Fe;O3 could occur by titanium cation movement into the
Fe20;. This would fom; a reaction product layer consisting of a titanium oxide
shell containing reduced metallic iron particles. Titanium cations would reach
the trapped iron and the pbssibility of fonning iron / titanium intermetallics
~exists. The formation of FeTi and Fe,Ti is exothermic and requires a
temperature of 700°C or 800°C respectively to initiate (Pribytokov et al. 1983).
This tempcrature is only slightly more than the furnace temperature, and as the

titanium cations move outward from the titanium particle the first iron -
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titanium phase to form would be Fe,Ti (mtp of 1427°C). The low melting point
(1080°C) eutcctic (68%Ti — 32%Fe) would possibly occur at a later stage. The‘
iron - titanium intermetallics will be in the centre of the ‘hot zone’ — the area
where most of the exothermic oxidation heat is generated, and as their melting
temperaturcs are some 250°C and 100°C below those of pure titanium and iron
respectively, they are the most likely first liquid phases. It is known that the
metallic core in the reacted Fe;O3 + 3Ti §afnp1e§ contains ~10w1% Ti, so not

all the titanium is taken up as oxide.

5.4.4 Series 4 : Bulk Titanium and Fe20O3; Reactions

It is known that Fe,03 will not significantly reduce by itself in argon up to
800°C. Thus, any reduction must come from its reaction with titanium. XRD
analysis of the surface of the disc heated at 800°C reveals FeO. This has been
observed in the reaction zone around titanium particles (figure 5.32, mark 7
and 8). The interface between the titanium and the Fe;0; reveals four distinct
layers, figurc 5.39. The outer édge is of compositioﬁFFeO (mark 4). Attached
to that is a cohcrent ~TiO layer (mark 3). Beneath that is a powder like ~TiO
layer (mark 2). This layer could be sub divided into two distinct areas. The -
outside edge is the ‘powdery’ layer, the inner .the coherent edge. In from that
layer is the titanium metal (mark 1). The outer FeO layer is produced from the
reduction of Fe,0;. The sintering effect coming from the exothermic heat
generated by the oxidation of the titanium. The TiO layer attached to this is
caused by the migration of titanium cations into the material. The diffusion of
oxygen into the titanium appears to have formed the layer under mark 2. This

is characterised by the appearance of the ‘limit of diffusion’ band at the
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interface between this phase and the actual titanium metal. The layer separating

this layer and the outer FeO / TiO layer is of uncertain origin.

A closer examination of the intcrface in figure 5.40 shows that a ~TiO layer
(mark 2) scparates two TiO; layers. The layers under marks 1, 2 and 3 are
equivalent to the layers under mark 3, 2(powdery) and 2(coherent)
respectively, in figure 5.39. The layers being TiO; rather than TiO could be dﬁe
to the leQel of completeness in the reéction. TiO; is‘ more stable than TiO and
thus is the final product of the reaction if oxygen is abundant. This could be the

case in this instance.

8.5 Summary

The reaction mechanism between Fe,O; and titanium has been investigated and
the processes that occur when they are heated in intimate contact with oné
another have been demonstrated. The oxidation of pure titanium in air has been
related to the oxidation of a compact of Fe>O3 and titanium heated in an inert
environment and comparisons have been draw as to their respective oxidation /
reaction mechanisms. To test the iheories put forward in this chépter a
numerical mode!l has to be constructed to inQestigate the feasibility of the
above described reaction mechanisms. The model is developed and presented

in the following chapters.
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5.6  Conclusions

The oxidation rate of pressed pellets of titanium powder, and hence its
exothermic heat release rate increase as the pellet density and the powder

diameter decreases.

The diameter of the titanium powder effects the surrounding temperature
that is required to cause a compact to ignite. Smaller particles require lower

ambicnt temperatures.

The heating ratc of the compact will affect the temperature that is required
to promote ignition of the pellet. Slower heating rates increase the required

ignition promoting temperature.
The oxidation of the titanium is seen to be largely confined to the surface of
the pellct as the density of the pellet and the formation of a TiO; reaction

shell reduces air penctration.

Molten titanium is the first liquid phase to form in pure titanium compact

combustion.

Titanium and Fe;O3 powder compacts exhibit the same ignition behaviour

as pure titanium powder compacts when heated in air.
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The first liquid phase to form in titanium and Fe,0; combustion in air was
not possible to deduce. However, it is likely that the first reaction is

between Ti and oxygen from the air.
Titanium and Fe,0; powder compacts heated under argon have different

oxidation characteristics to those heated under air. The first reaction is that

of titanium reducing Fe;0; to form titanium oxides and metallic iron.
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Chapter 5

Figures
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(a) (b)
12mm
Figure 5.2 <355um Titanium Powder Compact, Hydraulically Pressed, After

Heating at 650°C for 20 Minutes. (a) Top Surface, (b) Cross-section.

(a) (b)

12mm

Figure 5.3 <355um Titanium Powder Compact, Hand Pressed, After Heating
at 650°C for 20 Minutes. (a) Top Surface, (b) Cross-section.
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12mm
Figure 5.4 Top View of <150pum Titanium Powder Pellet, as Hydraulically
Pressed.

12mm
Figure 5.5 Side View of <150um Titanium Powder Pellet, as Hydraulically
Pressed.

(a) (b)

12mm

Figure 5.6 <150pm Titanium Powder, Hydraulically Pressed, After Heating at
600°C. (a) Top Surface, (b) Cross-section.



(a)

(b) (c)
12mm
Figure 5.7 Side View (a) and two Cross-sections (b) and (c) of a <150pm

Titanium Powder Compact, Hand Pressed, After Heating at 600°C.

(b) (©)

12mm

Figure 5.8 Additional Photograph of the Two Cross-sections (b) and (¢) Seen
Above in Figure 5.7
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12mm
Figure 5.11 <150pm Titanium and Al;O3 Compacts, as Hydraulically Pressed.

B9, % Vo L OO O

50pm
Figure 5.12 Powders Taken from a <150pum Titanium and Al;O3 Compact,
Hydraulically Pressed, After Heating at 650°C for 20 Minutes.

-

50um
Figure 5.13 Powders Taken from a <150pum Titanium and Al,O3; Compact,
Hydraulically Pressed, After Heating at 650°C for 20 Minutes.
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Fign i 150pm Titanium and ALO
Fioure 5.14 Surface Section Taken from a <. M ALO;
Compact, Hydraulically Pressed, After Heating at 650°C for 20 Minutes

100pum
Figure 5.15 Intermediate Layer Taken from a <150pum Titanium and AL, O;
Compact, Hydraulically Pressed, After Heating at 650°C for 20 Minutes
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| XRD Spectra fram a Reected Pellet of Camposition Al O3 + 3Ti ]
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Figure 5.16

50pm
Figure 5.17 Powders Taken from a <150pum Titanium and Al,0; Compact,
Hydraulically Pressed, After Heating at 650°C for 20 Minutes in Argon
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12mm

Figure 5.18 Top Surface of a <150pum Titanium and Fe,O3; Compact,
Hydraulically Pressed.

12mm
Figure 5.19 Side View of a <150pm Titanium and Fe,0; Compact,
Hydraulically Pressed.

15mm

Figure 5.20 Reacted <150pum Titanium and Fe;O3; Compact, Hydraulically
Pressed, After Heating in Air at 600°C.
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Ceramic Shell

Metallic Lump

Figure 5.21 Schematic of the Product Morphology of a Fe;O3 + 3 Ti Pellet
Reaction

The Effect of the Ambient Atmosphere on the Products of the
Reaction Between Fe,0, + 3Ti when Ignited in the Thermal Explosion Mode

)
Upper Plot : Argon  Lower Plot : Air
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Figure 5.22
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Figure 5.23 SEM Micrograph of the Metallic Part of the Product from

a Reacted Fe;03 + 3 Ti Compact. Y = dark grey ceramic phase, Z = light
grey metallic phase.
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Figure 5.24 E-SEM Photo of Powder Taken From an Unreacted <150pum
Titanium and Fe; 03 Compact, Heated at 650°C for 3 Minutes.
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Figure 5.25 E-SEM Photo of Powder Taken from a <150pm Titanium

and Fe;03; Compact, Heated at 650°C for 3 Minutes in Air, Showing

Two Titanium Powders in Contact with Each Other and some Fe,0;
Powder.
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Figure 5.26 Back Scattered Electron Image of the Above Photo.
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Figure 5.27 Back Scattered Electron E-SEM Photo of Titanium
Powder in Contact with Fe;O3 Powder, Taken from a <150pum
Titanium and Fe,03; Compact, Heated at 650°C for 3 Minutes in Air.

i/\(( vV ,pnl EL Det WD
H1560kV 40 20000x BSE 10.1 Hivac

Figure 5.28 Close Up Image of the Above Photo
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Figure 5.29 E-SEM Photo of a Titanium Powder in Contact with Fe,0;
Powder, taken from a <150pm Titanium and Fe;O3 Compact, Heated
at 650°C for 3 Minutes in Air.
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Figure 5.30 Back Scattered Electron E-SEM Image of the Above Photo.
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Figure 5.31 Close Up E-SEM Photo of Part of the Powder Seen in
Figures 29 and 30
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Figure 5.32 Back Scattered Electron E-SEM Image of the Above Photo



50 um
Figure 5.33 Optical Micrograph of a Compact Containing <355um
Titanium and Fe,O3; Powder, Held at 650°C for 60 Minutes.

Figure 5.34 SEM Image of Powders Taken From the Same Sample as Above.
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Figure 5.35 SEM Image of a Compact Containing <150pm Titanium
and Fe, O3 Powder, Held at 550°C for 60 Minutes.
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Figure 5.36 Back Scattered Electron Image of the Above Image.
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XRD Plot of Fe,0, Heated in an Air or Argon
Atmosphered Fumace at 800°C for 1 Hour.

Upper Plot = Argon Atmosphere  Lower Plat = Air Atmosphere
All Peaks Relate to Fe,O, (Hemetite)
Except those marked ¢ = Fe,O, (Maghemite-C)
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Figure 5.37
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Figure 5.38 E-SEM Image of the Interface Between Titanium and Fe; O3 After
Heating at 900°C for 30 Minutes in Argon.
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Figure 5.39 Close Up of the Interface Seen in Figure 38
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Figure 5.40 E-SEM Image of a Cracked Section of the Interface from the
Sample seen in Figure 38
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Figure 5.41 E-SEM Image of the Interface Between Titanium and
Fe,03 Powder after Heating at 1200°C for 15 Minutes in Argon.
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Figure 5.42 ‘Afterburn’ Occurring in the Combustion of Titanium Powder
Compacts in Nitrogen. Dunmead er al.(1989).
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Chapter 6

Numerical Calculations for the Oxidaﬁon Reaction of

Titanium in Air or Titanium in Fe,0;.

6.1 Introduction

It is.thought that the ignition of pure titanium or titanium + Fe20; powder
cémpﬁcts is initiated by the formation of a liquid phase at the titanium / Fe,03
boundary, produged by localised heating from the exothermic oxidation

reaction. It is the production of the liquid phase that marks the ignition of the

pellet.

This chapter investigates the feasibility of the theory that a layer of titanium
oxide formed instantaneously around a titanium powder particle can liberate

sufficient heat to produce a liquid phase.

6.2 Basic Calculation and Assumptions

The theory is based around the instantaneous formation of a titanium oxide
layer around an ideal titanium powder particle. Froﬁ the previous chapter it is
known that the oxides in question are TiO; for pure titanium air reactions and
TiO for the reaction between Fe;O; + 3Ti. The oxide is said to form
instantaneously and be lum thick. From an examination of the ‘sintered’

samples in the previous chapter it is seen that this is roughly the thiékness of
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. the oxide layers that are observed in the samples that have neérly combusted.
The oxide is said to form instantaneously to simplify the calculation.

The powder particle was taken to be spherical and of 75um diameter. The
idealised shape aids the calculation and the 75pm diameter was taken as an
arbitrary figure, representative of the sizes employed in this work. The heat
energy of the oxidation reaction is said to go only into the body of the powder.

There are no conductive / convective / radiative heat losses.

The heat liberated by thé formation of the oxide layer is calculated. The heat
energy required to raise the temperature of a titanium powder particle above its
melting point is also calculated. A c»omparison of the two values reveals in
broad terms whether the said theory is the possible method for liquid phase

formation.

The powder particle is said to ignite when placed in surroundings at 500°C as

this is the lowest furnace temperature at which titanium powders have been

seen to ignite. As such, the powder particle has to increase in temperature by:
1170°C = mpt of titanium 1670°C — initial temperature 500°C 6.1

The oxidation of titanium to TiO by Fe;O; and the oxidation of titanium to

TiO; by gaseous oxygen (air) are both included for comparison of their

exothermicities.
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6.3 Assumptions and Constants

Titanium particle size: 75um, spherical. See Figure 6.1.

Reaction layer: 1pum thick titanium oxide. Forms instantaneously. |
Specific heat capacity of titanium: 523 J kg K

Density of titanium: 4510 kg m™

Molar Mass: 47.9g mol™
Density of TiO;: 4.260 kg m
Melting Point of Titanium: 1670°C

Starting Temperature of Powder : 500°C

Figure 6.1 Schematic Diagram of the Modél

75um total &
< >

Titanium

Particle

1pum thick TiO, layer around the
particle. Remaining particle @ is
73um.
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6.4 Calculations

6.4.1 Reaction Energy Calculation for the Formation of TiO; by Fe;03

3Ti + 2Fe;03 = 3TiO; + 4 Fe
AH¢ (Fe;03) = -196.3kcal mol™ => -821.61 kJ mol’! 6.2)
AH; (TiO,) = -225.8kcal mol™ = -945.06kJ mol! (6.3)

Products — Reactants = 3TiO; - 2Fe;0;3 = (3 x -945.06) — (2 x -821.61) =

-2835.26 - -1643.23 = -1192.03 kJ 6.4)

o AH for I mole of TiO, =-1192.03 kJ /3 =-397.34 kJ

6.4.2 Reaction Energy Calculation for the Formation of TiO by Fe203 :
3Ti +Fe;03 = 3TiO +2Fe

AH¢(TiO) = -129.7 kcal = -542.86 kJ mol™! (6.5)

Products — Reactants = 3TiO - Fe,03 =-1628.58 - -821.61 =

-806.96 kJ | , (6.6)

o AH for 1 mole of TiO =-806.96 kJ /3 =-268.99 kJ
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6.4.3 Reaction Energy Calculation for the Formation of TiO; or TiO by

Gaseous Oxygen (air)

AH; (TiO,) = -945.09 kJ mol™!

AH( (TiO) = -542.86 kJ mol™

6.4.4 Powder Calculations

Volume of 1 pamcle of titanjum = 4’ 1 3:

= 4n(37.5x10%)? /3 =2.208932335x10 3 m

With a lym thick reaction layer the titanium volume becomes:

= 4n(36.5x10%)} / 3 = 2.036888249x10™ m’

Mass of the particle = density x volume = mass:

= 4510 x (2.03689x107"%) = 9.186366003x10"'" kg

Moles of titanium in particle = (9.186366003x1077 / 47.9) =

1.91782171x10° mols

The volume of the reaction layer is therefore:

2.208932335x10" - 2.036888249x10™" = 1.720440856x107 m?

6.7)

(6.8)

(6.9)

(6.10)

(6.11)

(6.12)

6.13)
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6.4.5 Calculation of Energy Released when the Reaction Layer is TiO;

Mass of TiO, formed = 4260 kg m” x 1.720440856x10* =

7.329078045x10™!! kg (6.14)

Moles of TiO, formed = 7.329078045x10°® (grams)/ 79.9 =

9.172813573x107'% mols (6.15)

o TiO, formed from Fe;03 = 397.34kJ mol™ x moles TiO; =3.646 x10*]J

o TiO; formed from air = 945.09kJ mol! x moles TiO;  =8.669 x10*J

6.4.6 Calculation of Energy Released when the Reaction Layer is TiO

Mass of TiO formed = 5100 x1.720440856x10™4 =

8.774248366x10!! kg (6.16)

Moles of TiO formed = 8.774248366x10%/63.9 =

1.37312181x10” mols 6.17)

o TiO formed from Fe;03; = 268.99kJ) mol™! x moles of TiO = 3.694 x10* J

o TiO formed from air = 542.86kJ mol™ x moles of TIO =7.454x10™*J
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6.4.7 Calculation of the Energy Required to Melt the Titanium Powder
Particle
To melt the titanium, the particle needs to be heated to at least 1670°C. From

the lowest ignition point of 550°C this equates to a 1120°C rise in temperature.

Energy required to heat the titanium particle =
(Cp of Titanium) x (Mass of particle) x (Temperature Rise) =

523 x 9.186366003x107"% kg x 1120 K = 5.381 x10*J (6.18)

6.5 Results

The calculations have produced the results:

e Energy Required to Melt Particle = 5381 x10%1J

Energy released by the formation of a 1um thick layer of oxide on the particle

e TiO, from Fe;0; = 3.645x10™J
e TiO; from AIR = 8.669 x10™J
e TiO from Fe;03 = S 3.694 x10*J
e TiO from AIR = 7.454 x109‘ J

A graph created from data calculated by a computer programme of this
calculation (Powder.bas in the appendix) showing the required thickness of
oxide layer that has to form to melt a powder particle of a certain diameter, is

shown in figure 6.2. The data marks the point at which the heat liberated by the
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formation of the oxide layer equals the energy required to melt the remaining

titanium metal in the particle subject to the assumptions previously made.

Figure 6.2 The Thickness of the TiO; Oxide Layer Required to Cause
Melting of the Titanium Powder.
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6.6 Discussion

It can be seen that the energy produced by the formation of a 1um thick
oxidation iéyer around the paﬁicle can produce enough energy to melt the
titanium powder particle. The result; even with its coarse assumptions as to the
heat losses, the instantaneous formation of the oxide layer and its total
absorption into the powder, indicates that the theory that the ignition of
titanium powder compacts depends upon the melting of the titanium is not
unreasonable. Figure 6.2 makes it clear that the oxidation of titanium in air is
more exothermic than its oxidation by Fe;O;. This feature is not seen in the

experimental data on the furnace temperature required to promote ignition of
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pellets, presented in the previous chapter. This is probably due to the combined
inaccuracy of the furnace temperature, the effect of the morphology of the
powder used in the experiments and the composition of the first liquid phase to
form. The first liquid phase to form will ignite the pellet, therefore, the effect
of the reduced exothermicity of the Fe;O3 oxidised titanium powders may be
counteracted by the fact that both Fe;0;, metallic iron and iron — titanium
alloys melt at lower temperatures than metallic titanium. As it is likely that
some of the heat of oxidation is absorbed by the surrounding environment these
could be the first melting phases, rather than metallic titanium.

Morphologically, the titanium powder used experimentally is highly porous,
being a crushed foam, and thus has areas which are of significantly smaller
diameter than the said size of the powder. These areas are the likely place for
the formation of the first liquid. As such, the effect of the oxidation medium is
insignificant when the effective particle size is below ~30um, as shown in

figure 6.2.

On a more general note, the thickness’ of oxide layer required to cause melting
are sufficiently small when the powder diameter is small, that they could form
" instantaneously. Dunmead et al. (1989), Tavgen et al. (1992) and Bakhman et
al. (1998) have seen the ignition of titanium powders at the onset of oxidation
(~500°C) which could be attributed to the rapid formation of the critical

thickness of oxide required to cause melting, and thus ignition.
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6.7 Conclusions

The instantaneous formation of a ~1um thick, oxide layer on 75um spherical
titanium powder is seen to liberate sufficient heat to cause melting of the
powder particle. The formation of the liquid phase causes the pellet to ignite. In
the context of Fe;O3 and titanium pellets, the reduced exothermicity of the
oxidation reaction by Fe;O; may be counteracted by the lower melting
temperature of Fezdj or metallic iron — titanium alloys over pure metallic
titanium. The influence of the oxidatic;n medium is seen to reduce with the

reduction in the powder diameter.
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Chapter 7
Numerical Model to Predict the Behaviour of a.

Titanium Powder Pellet Heated in Air

7.4 Introduction

A numerical model has been presented in Chapter 6, that explores the theory
that exothermic oxidation of titanium by air or Fe,O; is sufficient to cause
melting of the oxidising titanium powder. This chapter builds on that theory,

adding complexity and real physical constraints to the model.

A computer programme was written to utilise and explore the model. The
model was constructed to test the théory of ignition of the Ti + Air and Ti +
FeéO; reactions put forward in the previous chapter. At the heart of the
programme is the concept that the oxidation of titanium powder will raise the
température of the pellet body above that of its surroundings. The experimental
evidence shows that pellets of titanium powders will ignite at ambient
temperatures as low as 550°C. Ignition is thought to occur when liquid phases
are present (Sirca et al. 1991). Ob_Qiously there are no liquid phases present af
this temperature, indicating that the pellet body must be at a higher tefhperéture
than ihe surroundings, one at which liQuid phases will form. The nurnéﬁcal

model investigates this phenomena.
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The model breaks the system into two parts, namely the oxidation of titanium
powder and the subsequent release of energy into the compact (raising its
temperature) and the rate of heat loss (or gain) to the surroundings. From these,

the thermal behaviour of the pellet can be modelled.

7.2 Model Outline

The basic model is described in the flowchart diagréfn, ﬁgufé 71 A more
complex flowchart is shown in figure 7.2 (in the Appendix), which" goes into
gréater detail as to the actual written computer programme of the numerical
model. The model works on a time basis, cycling thréugh the éalcﬁlations fora
given time-step size. |

Initially the mass of oxide formed in the time inter\}al is célcﬁlated assuming
parabolic oxidation kinetics dependant on the oxide thickness. The‘oxidation of
titanium is exothermic and thus heat eﬁergy is released. It is assumed that the
pellet absorbs all of this energy and that the pellet is at a uniform temperature

throughout.

Next, the heat flow to or from the surroundings is calculated taking into
account heat transfer due to radiation and conduction. If the pellet temperature
is less than the furnace temperature, energy is absorbed by the pellet. If the
pellet temperature is higher than the furnace temperature, energy is lost by the
pellet. The sum of the energy input to the pellet from the oxidation of titanium
and the energy absorbed or lost by the pellet due to the surroundings is

calculated, allowing the temperature change of the pellet (taking into account
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possible phase transformations in the pellet such as the alpha = beta titanium

transformation) to be determined.

If the pellet temperature is aﬁove the defined ignition temperature (the melting
point of titanium) the pellet is said to ignite. The adiabatic temperature of the
reaction following ignition (assuming éll remaining reaction occurs
instantaneously), taking into account phase transformations, is calculated as
well as the cooling profile of the pellet. If molten phases sdlidify the latent heat
of fusion of those phases must be lost before the pellet temperature will drop
any further. If the pellet temperature is not above the ignition temperature at

the end of the particular timestep, the cycle repeats itself.

The model is expanded and detailed below. A print out of the computer
programmes along with a full programme commentary can be found in the

appendix.

7.3 Defining the Pellet

Initially, the make up of the cylindrical pellet in terms of its physical size and
the size and condition of the powders from which it is made has to be defined.

Factors that need to be known to define the pellet are:

Pellet radius.

Pellet length.

Titanium powder radius.

Initial TiO; thickness on the titanium powder. |
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The standard pellet is defined as:

¢ 12mmd.

e 20mm length.

e 75um Titanium powder diameter.
¢ 0.01um TiO; Initial oxide thickness.
o 100% ActiveFactor (see section 7.4.1).

e 35% Conversion Factor upon ignition.
The standard furnace routine is defined as:

e 1000°C Furnace start temperature.

o 20°C Pellet start temperature.

e 0°C/min. Furnace heating rate.

¢ 1000°C Furnace holding temperature.
¢ 10 min Furnace holding time. |

e 250°C/ min. Cooling rate.

Additional values that are set as constants in the calculations are detailed

below.

7.3.1 Pellet Dimensions

The radius and length of the pellet affect the surface area and volume of the

pellet. These factors play an important part in defining the amount of heat loss
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or gain from the pellet to the surroundings. The pellet surface area is defined

as.
Pour=(2 R Pag P) + (2 Tt Prag®) (7.1

where Ppgq is the pellet radius and P is the pellet length. It is seen that the pellet
surface area has a linear relationship with the pellet length, but an ‘squared’

relationship with the pellet diameter. The ‘pellet volume is defined as:

Pui=n Pmd2 Py : ' o (12

Due to the squared term in the calculation of the pellet volume it too will have
an ‘squared’ relationship with the pellet diameter. Graph 7.1 records the effect
of changing the pellet length, diameter or both these variables, on the pellet

surface area.

7.3.2 Titanium Powder Data

The diameter of the powder and the initial thickness of TiO; on the powder
alter the powder volume and the actual volume of titanium in the powder. The

volume of one titanium powder particle is defined as:

Tiowol = (4 T Tima)/3 - (13)
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where Ting is the powder radius. The actual volume of the titanium in the
powder particle, taking into account the thickness of the initial oxide layer on

the particle is defined as:
Tivol = (4 7t ( Tiraa — Oxey ) *)/ 3 - (74)

wheré Oxy, is the initial TiO; thickness on the powder. The initial oxide
thickness on the powder will strongly affect the subsequent oxidation of the
titanium. Graph 7.2 records the effect of increasing initial oxide thickness on
the powder in relation to the number of moles of titanium in the pellet and the

number of moles of TiO; in the pellet.

7.3.3 Pellet Data

The schematic in figure 7.3. details the form of thev pellet and powders that are
used within the nurherical model. The powder particles are assumed to be
spherical and it is assumed that the spheres pack with maximum efficiency
(74%) within the pellet. Thus, the number of titanium powder particles in the

pellet is defined as:
Tinum = 0.74 Pyt / Titorval (7.5)

where the 0.74 factor is the packing density of the titanium powder. The
number of powder particles in the pellet is therefore controlled directly by the‘
diameter and length of the pellet and the diameter of the powder particles. The
total surface area of titanium powder within the pellet can be defined as:
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- Tisurs =4 7t Tirad® Thoum (7.6)

Again this is related directly to the pellet dimensions and powder diameter.
Graph 7.3 details the effect of the titanium powder diaméter on the surface area
of the powder. A decrease from 150um & powder to 70um & powder
increases the powder surface area to (150 / 70) x 100% (~200%) of its original
value. Graph 7.4 shows the effect of the titanium powder diameter on the
number of particles in a standard pellet. Decreasing the powder size from
150pm to 70um increases the number of powder particles in the standard pellet
to (150 / 70)* x 100% (~1000%) of its original value. Additional factors can

also be calculated. The number of moles of titanium in the pellet is defined as:

Timol = ( Tinum Tivol Pti ) / Mti (77)
where My is the molar mass of titanium and py; the density of titanium. The
initial mass per m? of TiO; on the surface of the titanium particles (OXmas) can
be defined as:

OXmgs = OXLh pox . (7.8)

where pox is the density of TiO2. The number of moles of TiO; in the pellet as a

. whole can then be defined as:

OXmal = ( OXmas / Mox ) Tisus 7.9
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where M, is the molar mass of TiO,.

It can be clearly seen that the values calculated above are related to the pellet
dimensions, the powder diameter and the initial oxide thickness of the titanium

particles.

7.4  Oxidation

Titanium oxidises when heated in an oxygen containing environment. In this
model the oxide that forms as titanium is oxidised in air is assumed to be TiO;
(Unman et al., 1986). The oxidation of titanium is independent of oxygen
pressure as the diffusion of oxygen through the oxide coating is the rate
controlling process (Dechémps and Lehr, 1976). Oxidation is assumed to be
parabolic; the total mass of TiO; produced per unit area as a function of time, t,

is defined as:
Am?® =kt | (7.10)

where Am is the mass of TiO; formed per unit area after a time t and k the rate
constant. The oxidation rate constant, k, exhibits an Arrhenius type behaviour

and is defined as:
k=Cel¥FD 1)

where C is a constant having the same dimensions as k, (kg’cm™s™) and is

derived from experimental values, Q is the activation energy, R is the Gas
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Constant and T the absolute temperature. The equation used in the model
defines the parabolic oxidation of titanium and is said to be accurate from
550°C to 850°C (Kubaschewski and Hopkins, 1952).‘ Below 500°C the
oxidation kinetics are seen to be logarithmic; deever Tavgen et al. (1992)
showed that there is no significant oxidation below 500°C, .and therefore the
logarithmic kinetics are not modelled. Instead the same parabolic kinetics are

employed below 550°C.

Dechamps and Lehr (1976) argued that the transition from parabolic to linear
oxidation was a function of the thickness of the oxide layer, and not due to the
change in temperature, as others had claimed. The change in kinetics was seen
to occur when the oxide was around 10pum thick. Due to the fact that the pellets
modelled here ignite when the oxide is around 1um thick, the kinetic change
from parabolic to linear behaviour is not modelled. The reaction of titanium
with nitrogen from air is seen to be negligible at these temperatures
(Merzhanov et al. 1995) and is therefore not included in the equation or

calculations.

By differentiating equation 7.10 with respect to time, the incremental mass

gain in any given time can be calculated:

dam _ kK & (7.12)

Am’=kt = =
dt 2Am 2Am

However:

Ji =

Am (7.13)
N3 |
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and thus:

dAm _ Nk (7.14)
dt 2.t

Thus the increment in mass gain in a time period, dt, can be calculated as:

k Odt}

aam = o (7.152)

JE

or dAm = o dt (7.15b)
. 24t

. Thus the increment of mass increase can be calculated at any temperature (k is
a function of temperature) as long as the mass of oxide already in existence is
known, or the total time of oxidation (with that value of k) up to that point is
known. Within the model, the incremental oxidation has been calculated using
the concept of a ‘dummy time’ which takes into account that k varies with
temperature and thus with time. Graph 7.5 describes the notion of a dummy
time. Starting from a time, t,, the equatidn calculates the mass of oxide, Am;,
formed in the time period tgp at the temperature Ty. The model then calculates
the new temperature, T, attributed to the combined effect of furnace heating or
cooling and the energy released by the oxidation of the titanium. The model
then determines how much time it would have taken to form the existing total
mass of oxide, Am, of TiO; at the new temperature, T». This is now referred to
as the dummy time, tsum. The model then calculates the mass of oxide formed,

Am,, in the time period tuep from tyum to (taum + tatep). In this way it is possible to
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calculate the mass of oxide formed for any thermal history of the sample. The
model assumes that the oxidation is isothermal over the timestép. In this way
anisothermal oxidation can be expressed as a series of small isothermal

oxidation’s of time period tsep, as shown in graph 7.6.

After k; has been calculated for a given temperature the model defines dummy

time in seconds as:
tdum = Oxmas2 lky | , (7.16)

The mass of TiOz per m? formed in the time period tyep, OXminc is then

calculated:
OxXminc = l(pl/z o ((taum + tstt:p)yz 'tduml/’) ’ | . ’ (7.17)

This value is not linked to the surface area of titanium since it is a generic
value that describes the mass of TiOz formed per m? of available su;face areé at
temperature T, after time period tsep. The OXmas is recalculated to take into
account the new mass of oxide / m?. Again the value iS generic and not linked

to the pellet dimensions:

Oxmas = kpl/’  (taum + tstep)./’ L (7.18)
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7.4.1 Temperature Increase Due to Oxidation

The mass of TiO, / m? formed in a time period is known as OXminc. An ‘Active
Percentage’ factor, a, is also incorporated into the model. It is a user-defined
constant that determines the amount of titanium surface area that is said to be
active in oxidation. This factor is included as it is seen experimentally and in
the literature (Bakhman et al., 1998) that full oxidation only occurs on the
outer surface of the pellet. Oxygen does not significantly get to the core of the
pellet to oxidise the titanium. Typically, titanium powder to a depth of ~Imm
has oxidised to TiO,, where as the remaining powder does not oxidise or
oxidises to TiO or Ti;Os. The ‘Active Factor’ takes into account the uneven

distribution of oxidation throughout the pellet.

For a typic.al pellet size of 12mm@ and 20mm length a 1mm thick crust of
TiO, will account for ~37.5% of the total volume of the pellet. It should be
noted that the amount of surface area reacting exothermically is in reality not -
limited to the TiO; crust material. The titanium oxidising within the pellet,
prior to ignition, will contribute to the heat output of the pellet in experiments.
Considering this fact, a is usually greater than the figure calculated from the

thickness of the formed TiO; reaction layer.

Thus, the actual mass of TiO; formed in the time period is calculated by the

usable surface area of titanium, which is determined by an ‘Active Percentage’

factora @

Oxrmas = Oxminc ( Tisurf . O ) (719)
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The amount of energy released by the oxidation of titanium is defined as:
Eox = OXemas ( OXenth / Mux) ' (7.20)

where OXenn is the molar enthalpy of formation of TiO, at temperature T. The
enthalpy of the oxidation reaction, OXenm, is calculated at the temperature of

reaction by Kirchoffs Law, as shown in figure 7.4.

7.5  Heating and Cooling of the Pellet

The heating and cooling of the pellet is defined By the summation 6f the
conductive and rédiative heat gains or losses. The enérgy absorl;ed or lost by
the pellet by conduction is modelled on one dimensional steady heat flow from
the pellet to the surrounding. For the purposes of the ﬁodel, the pellet is vsaid to

have no temperature gradients, thus Fourier’s first law is defined as:
Q=H.A.(T:-Ty) (7.21)

where Q. is the energy absorbed by the body per unit time in W, H is the heat
tfansfer coefficient of the body in W / m*K, A is the surface area of the body
in m?, (To-T)) is the relative difference between the body temperature, T, and
the ambient atmosphere temperature, T;. This equation is written in the model

as:

Qc=H( Plemp - Ftemp) Psurt (7.22)
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The energy emitted or absorbed by the pellet by radiation per unit tin;e is
calculated by a derivation of the Stefan-Boltzmanns Law. For black body
radiation, the total energy emitted or absorbed per unit time by unit area of a
black body surface (Qp) is proportional to the fourth power of the absplute

temperature T. This ratio is expressed by the Stefan-Boltzmann Law:
Q=S.T'.A L (1.23)

Where S is the Stefan-Boltzmanns constant, equal to 56.7x10"2 kW / m? K, T
is the absolute temperature in K and A is the surface area of the body in m?, In
reality there are no materials that act as true black bodies, all materials are
classed as grey bodies. For a grey body the amount of energy absorbed or
emitted by it in radiation is altered by the emissivity of the material. The

emissivity of a material is defined as:

Em=[Q/Qr (7.24)
where Q is the energy emitted per unit time by the body at T and Q, is the
energy emitted by a black body at T. Therefore the energy emitted or absorbed

by the material at temperature T is now:

Q=Em.S.T'.A | | (7.25)
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This equation is written in the programme as:
Qb = ( S.Em ) ( Ptcmp4 - Ftcmp4 ) « Pourt (726)

where Piemp is the temperature of the pellet and F {cmp is the temperature of the
furnace. The addition of the two equations (7.22 and 7.26) in the model allows
calculation of the total energy absorbed or emitted from the pellet in a time

period, tyep, and takes the form:
Egur = ((H ( Premp = Fremp ) +((S.Em)( Ptemp4 - Ftemp4 ))) Psurt . tstep (7.27)

If Eqy is negative, the energy is said to be absorbed by the pellet, and if it is
positive the energy is released by the pellet. Both H and Em are ulﬂcnown
variables, however, the effect of each on the heating of the pellet has been
investigated. It is seen from graph 7.7 that H has a relatively small part to play
within the équation. Typical values are between 5 and 15 W/ m? K (Zemansky
and Dittman 1997) so there is little variance in the calculated time to ignition,
6nly 30 seconds over a change in the hqaf transfer coefficient of 100 W / m? K.
The behaviour is more sensitively dependant on the emissivity term as it can
change from 0.3-0.4 for titanium rrlletalb to 0.8-0.9_ for titanium oxide
(Zemansky and Dittman 1997). As can be seen from graph 7.8, such a range of
values greatly effects the tinie it takes for t_herpellet to ignite, i‘n’this case by

over 500 seconds over the full gfﬁissivity range. With greater \}alues of éither,
emissivity or H, the pellet not only absorbs, but also lodses, Béat energy md;é

quickly. All this implies that heat losses throughout the process are dominated
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by radiation. As such, H was set at the middle value of 10 W/ m* K. A value of
0.6 for the pellet emissivity was chosen as a compromise value between

titanium metal (Em = 0.3) and titanium oxide (Em = 0.9).

7.6  Pellet Temperature Changes

The total amount of energy either absorbed or lost from the pellet in a timestep
depends on the enthalpy of oxidation and the heat transferred to or from the

surroundings and is defined as:
- Etot = Eox + Efur s (7.28)

The actual temperature change of the pellet in K attributed to this energy

change is defined by: -
T " - Elot o
chg = "2 . 7.29
(Tima x [Cp(Ti)dT) + (Oxna x [Cp(Ti02)dT) (7:29)
The new pellet temperature is then simply:
Premp(new) = Piemp(01d) + Teng : C(1.30)

If the pellet temperature rises above the titanium o = B transition temperature
(1155K) then the latent heat of transformation for that reaction is included in
the calculation. This is modelled by ensuring that there is no pellet temperature
increase until the total amount of energy required for transformation has been

absorbed by the pellet. Additionally, whilst the pellet is cooling after the
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reaction any transformations or solidifications that are exothermic are modelled
such that there is no pellet temperature fall until the energy of- that

transformation has been liberated from the pellet.

7.7 Pellet Ignition

It has been seen that titanium only burns in tvhe‘liquid stafe (Sirca et al. 1991
and Abbud-Madrid et al. 1996). Pellet ignition, the point at which the pellet
starts to burn, is thefefore set at the melting point of titanium,' 1943K. Thé
burning of the titanium pellé't liberates a massive amount of energy whic,;h
drives the temperature of the pellet considerably higher than the surrounding
temperature (Abbud-Madrid et dI. 1996). The pellet continues to burn only if
the exothermic heat liberétéd by the pellet produces a liquid phase
(Poyurovskaya and Ryabwuk 1989). This is in contrast to oxidation, which is
controlled by diffusion of oxygen through the oxide layer (Rode and Hlavacek

1994), and is only mildly exothermic (Tavgen et al. 1992).

Experiments detailed previously have shown that the burning of the pellet is
not instantaneous, but takes place over a number of s'ecclmds.‘ The length of time
it takes the pellet to burn can be attributed to a number of factors.-The main
influences are the size of the titanium powder, the pellet density and the
ambient temperature. In the model, the bﬁming of the pel.letl is not modelled,
instead an instantaneous adiabatic reaction temperature is aissufned. (This is
due to the fact that the model was designed to describe the ignitioh of an Fe,03
and Ti pellet. The reaction between these powders happens rapidly, as bulk

oxygen diffusion is not a limiting factor, and is therefore faithfully modelled)
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A “Conversion Factor’ is introduced at ‘the point of calculating the adiabatic
reaction temperature. The factor is required as it has been seen experimentally
and in the literature ( Tavgen et al. 1992 and Bakhman ef al. 1998) that pellets |
do not fully react to the product pha;se. Thus, only a percentagevof the titanium
in the pellet is contributing to the exothermic heat and subsequently, the
adiabatic temperature of the reaction. The ‘Conversion Factor’ is differént from
the “Active Factor’ because the titanium within the pellet does not continue to
oxidise and contribute to the exothermic heat output of the pellet. This is due to
the TiO, layer being formed primarily from liquid titanium. As such, the
formed TiO; is a solid layer and acts as a very strong diffusional barrier to
subsequent oxygen penetration into the pellet. In the model the ‘Conversion
. Factor’ acts to describe what percentage of the pellet will react, and is

modelled as:
Eai = Eior. Ct | (131)

where E,q is the energy used in the calcu'lation of the adiabatic tefnperature, Etot
is the total energy of the system (the energy released by th‘e reaction Ti + O; =
Tibz) and Cy is the Conversioﬁ Factor. The ‘Conversion Factof’ is also used to
describe what percentage of the pellet doesr not react to form TiO,. This
remaining titaniufn metal acts as a heat sink for some of the energy of reaction.
Its liquefaction and possible vaporisation limits the adiabatic temperature of the
pellet. Graph 7.9 describes the effect of the ‘Conversion Factor’ on the

calculated adiabatic tcmperature.
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The numerical model only determines the adiabatic reaction temperature of the
pellet. This is calculated under the conditions that the reaction happens
instantaneously, i.e. there is no heat loss from the pellet and the reaction is Ti +
0, = TiO;. As mentioned earlier, experiments have shown that the reac;tion
does not occur instantaneously, with the length of the burn time being
measured in seconds. Additionally, heat loss from the pellet whilst it is reacting
is considerable. These factors result in the calculated adiabatic temperature for

the model being considerably higher than experimentally derived values.

The adiabatic reaction temperature for the reaction between titanium (liquid)
and oxygen (gas) to form the product TiO, is specifically calculated by using

" an iterative process to solve the integration:

Tad

Tp

AHng=— [ CpoydT+Liy+ [Y Cppdl]  (1:32)
Tig Tp

where T4 is the adiabatic temperature of rea.ction in K, Tp is the temperature of

a phase change, Cp) and Cp(y) are the heat capacities for the phases before and

after the phase change, Li is the latent heat of transformation and where AHr;,

is the enthalpy of reaction at the ignition temperature and is shown

schematically in figure 7.4 as:
AHng =Y AHng(P) =Y AHymg(R) (7.33)

where AH¢rig (P) and AHgrig (R) are the enthalpies of formation at the ignition

temperature of the products and reactants respectively.
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7.8

Results from Running the Programme

7.8.1 Introduction

To gain a full understanding of the model it is necessary to analyse the effect of

each parameter. However, the programme is constructed from equations that

are related to one another and produce dynamically changing results as the

programme runs. To analyse the effect of the individual parameter it is

therefore necessary to run the programme using a set input scheme and only

alter the parameter that is of interest. In this way, the effect of that particular

piece of parameter on the model can be determined.

7.8.2. Standard Input Variables

The standard pellet is defined as:

12mm®.

.20mm length.

75um Titanium powder diameter.
0.01pum TiO; Initial oxide thickness.

100% ActiveFactor.

35% Conversion Factor upon ignition.
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I] ! ! E . . l ﬁ ) ! .
e 1000°C Furnace start temperature.

e 20°C Pellet start temperature.

e 0°C/min. Furnace heating rate.

e 1000°C Furnace holding temperature.
¢ 10 min Furnace holding time.

e 250°C/ min. Cooling rate.

Due to the number of dynamic variables in the programme a simple furnace
routine with no heating rate has been used. In this way interpretation of the
graphical data and visualisation of the particular effect of the tested parameter
is simpler. However, the model allows the temperature of the furnace to be

varied as required e.g. a heating > hold > cooling cycle.

7.8.3. Graphical Outputs

Graph 7.10 is a plot of the standard pellets temperature profile and the standard

furnace temperature profile, but of reduced hold time, against time.

7.8.3.1. The Effect of the Pellet Parameters

o The variation of the pellet diameter; graphs 7.11, 7.12 aﬁd 7.13.

o The variation of the titanium powder diameter; gréphs 7.14,7.15, 7.16.
o The effect of the furnace temperarture; graphs 7.17 and 7.18.

e The combined effect of pellet size and powder diameter. Graphs 7.19,

7.20,7.21.
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e The variation of the initial oxide thickness and the formed oxide thickness
on the titanium powder; graphs 7.22, 7.23, 7.24.

e The effect of the ‘Active Factor’; graph 7.25.

7.8.3.2. The Effect of the Furnace Parameters.

o The effect of the furnace heating rate; graphs 7.26, 7.27, 7.28, 7.29, 7.30,
7.31.

¢ The effect of furnace holding time; graph 7.32.
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7.9  Experimental Verification of Programme Results

7.9.1 Introduction

A ﬁbdel cannot be critically‘ analysed unlessrits predictions are tested against
experimental evidence. In the light of this, an experiment has beeﬁ conducted
that finds the minimum furnace temperature that is required to ignite a pellet of
spherical titaniuxﬁ powdér. The titanium, being spherical and of limited size
fraction (<125-75um) will be comparable to the paraﬁ]eters the model is using

to calculate the ignition temperature of the powder.

7.9.2 Experimental

To test the model an experiment has been conductcd (repeated 8 times for
accuracy) that represents the model by using spherical titanium powder. The
limited availability and cost of spherical commercially pure titanium powder
precluded its use throughout the research. The experiment tested the minimum
furnace temperature that facilitated ignition of the powder. The powder c.ould
not be pressed and was thus held in a tubular furnace boat. As no deformatioﬁ
of the powders occurred through pressing, true point contacts were obtained.
Additionally, the flow of oxygen through the powders was increased, thus
representing a true ‘active factor’ of 100%. The powders were placed and held
in a pre heated furnace for 20 minutes. Ignition of the powders was observed

through the viewing port.
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7.9.3 Results

The powders were seen to ignite and burn exothermically at 800°C + 10°C.

The model, when run with the same parameters used in the experiment (the

‘standard’ pellet parameters) but with different powder diameters, to take into

account the variability in the experimental powder size fraction, produced

comparable results, seen below, in table 7.1.

Table 7.1 Calculated Furnace Temperature Required to Promote
Ignition in Standard Pellets Constructed from Various Powder Sizes

Powder Diameter / pm

Temperature Required to Promote Ignition / °C

75 778
100 823
125 854

7.9.4 Discussion

In actual experiments it will be the smallest powders that ignite first; thus the

model accurately predicts the onset of ignition at around the correct,

experimentally verified, temperature.
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7.10 Discussion

7.10.1 The Effect of the Pellet Parameters

7.10.1.1 The Variation in Pellet Diameter and Size

Graph 7.11 details the effect of just increasing the pellet diameter, whilst the
length is kept constant at 12mm, on the time it takes for the pellet to ignite in a
furnace at a constant temperature. The pellet becomes more disc shaped as the
diameter increases, and in doing so the main gain in surface area is through the
increase in the top and bottom surfaces of the pellet. The surface area of the
pellet and its volume effect the heating rate of the pellet in a furnace of fixed
temperature. The surface area governs the amount of heat energy absorbed or
lost by the pellet (equation 7.27) and the pellet volume determines how much
material is in the pellet and thus the increase in pellet temperature caused by

the absorption of that amount of energy (equation 7.29>).

Thus, the ratio of pellet surface area to pellet volume (S-V ratio), when related
to changing pellet dimensions, is an exi)ression of the effect of those
dimensions on the pellets heating rates in a furnace of fixed temperature. The
S-V ratio when the diameter is only changed is asymptotic, reaching its
asymptote around 100-150mm & for the standard pellet. This is shown in the
graph as a levelling off of the time to ignition at around this éellet size. Above
this point there is no significant change in the S-V ratio and thus the heat input
into the pellet and temperature rise with respect to the heat input, determined
by the pellet volume, remain constant. The only way to decrease the time to

ignition is to increase the furnace temperature which increases the rate of heat
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input into the pellet. An interesting effect seen in the 800°C furnace is that the

smallest pellets do not ignite. This effect is discussed later with reference to

Graph 7.13.

Graph 7.12 details the effect of pellet size with respect to the standard size, on
the time it takes for the pellet to ignite in a furnace at constant temperature. The
size of the pellet is expressed as a ratio of the standard size, thus a 10x standard
size pellet has dimensions of 120mm & and 200mm length. The time taken for
the pellet to ignite increases linearly with the pellet size. In this case the S-V
ratio increases linearly with the pellet dimensions. This produces fhe linear
time to ignition output as the gain in pellet surface area is matched by the gain
in pellet volume. Again, increasing the furnace femperaune reduces the time
taken for the pellet to ignite. The smallest 800°C pellets are again seen not to
ignite. The pellet temperature data from those pellets is presented in graph

7.13.

Graph 7.13 sho§vs the actual temperature plots of a number of pellets from
graph 7.12, when placed in the furnace at 800°C. Some of 'the pellets illustrate
ignition whilst others do not. As the S-V ratio is linear then so the heat loss
from the pellet to pellet volume ratio must also be linear. In effect the % of

heat energy lost is constant for any given pellet size ratio and temperattlre.

A simple way to understand the relative ‘reactivity’ of a powder / pellet

composition is to describe the quantity of exothermic energy released in
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relation to the volume of metal in the pellet in J / cm®. The J / cm® term is

constant for a certain powder size.

In the case of the 0.25x pellet the S-V ratio is high and there is a large amount
of relative heat loss, there is only enough exothermic energy from the oxidation
to raise the pellet temperature slightly above the ambient atmosphere. As soon
as the pellet temperature exéeeds the furnace temperature only the energy from
the oxidation of the;titanil‘xm is available to- increase the temperature of the
pellct. As the oxide layer thickens, the rate of reaction at any givén temperature
reduces. To ensure that the reacfion procéeds, the reaction rate.- muét ﬂbel

promoted by an increase in temperature due to oxidation.

Increasing the size of the pellet to 0.75x standard size increases the amount of
available exothermic energy, which drives the pellet temperature above the
furnace temperature, into the o - B transformation temperamre. The exothermic
energy of oxidation then has to supply enough energy to compiete the
transformation before the energy is used to raise the temperature of the pellet
again. It can be seen that there is only enough energy afier the a-B
transformation to increase the pellet temperature slightly. The pellet then cools,
going through the vB-a transformation and onto the ambient furnace

temperature.

Increasing the pellet size ratio to 1.25x increases the amount of available
energy to such an extent that a ‘thermal runaway’ of the pellet take place,

which leads to ignition of the pellet. It can be seen that the time taken to pass
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through the o - B transformation is considerably less than taken by the 0.75x
pellet. The x2 pellet also ignites. It can be seen that the time taken for the pellet
to reach the furnace temperature increases with the size of the pellet, the effect

of which can be seen in graph 7.12.

Rode and Hlavacek (1994) analysed the time and temperature taken to ignite
various sized samples‘ of titanigm powder. The samplgs were heated at a
constant 10°C / minute, not placed into pre-heated fumaces. They found that
larger samples ignited quicker and at lower temperatures due to the reduced
relative heat loss from them. This is not to be taken as a comparison with larger
samples placed into a pre-heated furnace, graph 7.12, as larger samples take
longer to heat up and thus ignite. The ¢ffect of reduced relative heat loss with
increasing sample size is modelled in the programme and shown 1.:¢1ter, in graph

7.21.

7.10.1.2 The Variation of Powder Diameter

Graph 7.14 displays the time taken for the standard pellet to ignite with respect
to titanium powder diameter, over a number of furnace temperatures. It can
easily be seen that a smaller powder size or an increases furnace temperature
reduces the time taken for the pellet to ignite. Additionally, the maximum
powder diameter that will allow ignition at a certain furnace temperature is
shown. Higher furnace temperatures allow the use of larger powder diameters.

The surface area of the powder is related to the diameter of the powder, as
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shown in graph 7.3. A larger powder surface area gives a larger area for

oxidation, and thus a larger release of exothermic energy.

The number of moles of titanium (the volume of titanium) stays constant for a
given pellet size and therefore a srﬁaller powder size has a greater amount of
active surface area available for a given volume of titanium. Thus, smaller
powders enable the pellet to heat up more quickly due to oxidation and ignition
can take place at lower furnace temperatures. The larger amount of exothermic
oxidation energy compensates for the lack of furnace supplied energy at the

lower temperatures.

Graph 7.15 contains similar data to graph 7.14 with the time to ignition plotted
against the furnace femperature for a range of powder particle sizes. It can be
seen that for a certain powder size, an increase in the furnace temperaturé
rgduces the time it takes for the pellet to ignite. Additionally, the data points to
a convergence in the time taken for the pellet to ignite across the range of
titanium powder particles sizes. On the graph the convergence is seen to occur
around 2000°C, which is above the melting point of titanium, and thus the time
to ignition is primarily determined by the time it takes for the pellet to heaf up
to this temperature. This value is related to the pellet dimensions, as it has
already been shown in graph 7.12, that an increase in pellet size effects the
time it takes for the pellet to ignite. The powder diameter is seen to be
irrelevant as oxidation is not a determining factor in whether the pellet

temperature goes above the ignition temperature.,
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Graph 7.16 shows the actual pellet temperature profiles for pellets with |
different powder diameters. It is clearly seen that the whilst the pellets heat up
at the same rate initially (for pellets of the same size) the exothermic oxidation
effect is much more pronounced in the smaller diameter powder pellets. The
85um powder pellet takes over 200 seconds longer to ignite than the 10um
powder pellet. The lack of any observable a-f transformation holding period in
the 10um powder gives some idea of the amount of energy released. The
comparison of the temperature plot of the 10pum and 85um powder pellet
shows that the exothermic reaction in the 10pm powder pellet starts to overtake
the effect of the furnace heating at around 850 K. The peliet is seen to>ig'nite,
characterised by a temperafuré above the melting point of titanium (1943K), a
few seconds later. The 85um powder pellet has a long period of exothermic
activity above the furnace temperature before eventually igniting.
Characteristically, small diameter powders ignite easily and rapidly, whilst

larger powders take longer and require higher furnace temperatures. |

Graph 7.17 shows the effect of the furnace temperature on the heating rate of
the pellet. As expected, higher furnace temperatures increase the heating rate,
and promote ignition of the pellet. In the case of the standard pellet, a furnace

set at 775°C (1048K) will not ignite the pellet. Graph 7.18 highlights the same

effectina 10pm powdef pellet in a furnace at 600 and 800°C.
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In chapter 5 it was clearly show in table 5.7 that the furnace temperature
required to ignite the pellet increases as the powder diameter increases. This -
effect is clearly modelled in figure 7.20. The actual ﬁgures seen in the
experiments are not comparable due to the large difference in the powders used
in the experimental and that used in the model. The experimental powders are
not spherical, but a crushed highly porous foam, and thus havg a larger surface
area to that of a spherical powder. The powders,. if meaningful comparisons
wish to be made, therefore have to be modelled as a smaller diameter than they
are, which introduces complications in the calculations of a number of pellef
properties. The model predicts that the powder particle size has to be less than

19um to ignite at 600°C.

In the <150um titanium powder, ~18% of the powder is below a particle size
of 45um. In the <355um titanium, only ~2% is below a particle size of 45um.
This fact does explain why the <355um powder requires a higher furnace

temperature to promote ignition.
The model fundamentally works with the surface area of titanium and so it

would be simple to input the surface area of the experimental powder rather

than use the in-built calculation of surface area, based on spherical powders.
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7.10.1.3 The Combined Effect of Pellet Size and Powder Diameter

Graph 7.19 details the combined effect of pellet size and powder diameter on
the time taken for the pellet to ignite. Larger poWder diameters increase the
time taken for the pellet to ignite in an almost linear fashion. The 10 and 20pm
powder pellets seem to ignite in times that are slightly less than would be
predicted by a linear line. This effect is most significant in the larger pellet
sizes. Larger pellet sizes increase the time to ignition of the peliet equally
across all the powder diameters. This is shown‘ in the transposition of the lines

up the graph with increasing pellet size.

Graphs 7.20 and 7.21 show the minimum furnace temperatur’e, to the nearest
degree, at which the pellet will ignite. The minimum temperature at which a
pellet will ignite is governed by the amount of exothermic energy released with
respect to the volume of titanium powder, J / cm’. As éhown in graph 7.14, the
smaller diameter powder pellets ignite at lower temperatureé. Additionally, the
pellets ignite at lower temperatures as they get larger. This is due to the S-V
ratio, larger pellets have less surface area to volume than smaller pellets and

will thus loose less heat than a smaller pellet for a given volume of powder.

7.10.1.4 The Effect of the Oxide Layer on the Pelle‘t Ignition |

All titanium that has been exposed to air has an adherent oxide coating on it. fn
this work the pre-existing oxide layer acts as a thiékness of oxide that exists,
but has not contributed to the heating of the titanium. In effect, the oxidation
process is not starting from initial oxygen — metal contact, but from oxygen —

oxide contact and this has to be taken into account in the model. Graph 7.22
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shows the effect of the initial oxide thickness on the titanium powder on the
time it takes for the pellet to ignite. As can be seen, the initial oxide thickness
is most potent at the lower furnace temperatures, where pellet ignition is very
sensitive to the pellet and furnace parameters. When the furnace temperatures
are high (+1000°C) the pellet needs only supply a little exothermic oxidatiori
energy to promote ignition. The oxidation of the pellet has to supply most of

the energy to promote ignition when the furnace is at a low temperature.

The initial oxide layer has the effect of increasing the time to ignition for a
certain furnace temperature and also limiting the maximum furnace

temperature at which the pellet will ignite.

Graph 7.23 shows the total thickness of the oxide layer formed on the powdéf
at the point of pellet ignition. This Qalue inciudes; the starting initial 6xide
thickness of 0.01um. The total thickness of oxide on the powder at the point of
ignition gives an idea as to the energy liberated by the powder. It is seen that
the total oxide thickness on the poWders at the point of ignition deqreases
slightly with increasing furnace temperature. This is due to the increased
heating effect of the furnace graph 7.17, reducing the amount of energy that
needs to be supplied by the exothermic oxidation of the titanium to promote
ignition of the pellet. Larger powder diameters also require a thicker oxide
layer, as the volume of the powder particle requires an increased amount of

energy to cause melting of it. -
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Graph 7.24 shows that pellet size has a very limited effect on the total oxide
thickness on the powder at the point of ignition. There is a slight increase in the
thickness as the size increases, due to the longer times the pellet takes to heat
up. Again the main influence on the oxide thickness is the powder particle

diameter.

The work of Rode and Hlavacek (1994) bn the oxidation of titanium powder at
different heating rates highlights the fact that the onset of oxidation occurs at
higher temperatures with increasing initial oxygen content due to a thicker
oxide layer on the surface of the powder acting as a transport barrier. Powders
oxidised prior to heating from room temperature, ignited at higher temperatures:
than that had not been oxidised. The effect is modelled in the programme and

shown in graph 7.22.

7.10.1.5 The Variation in Active Factor

Graph 7.25 details the effect of the AF (Active Factor) on the time it takes for |
the standard pellet to ignite in a furnace of set temperature. Low furnace
temperatures require a high AF for the pellet to ignite, the AF governing the
amount of powder surface area that is said to be active and therefore
contributing to the exothermic oxidation energy. At any given temperature the

time for the pellet to ignite will decrease with increasing AF.
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The percentage of pellet energy that is required to cause pellet ignition at any
given furnace temperature can be found by the minimum AF value that causes
pellet ignition to occur. Obviously, the pellet requires this amount of energy to

be supplied above the furnace temperature to promote ignition.

7 10151 Experimental Verificati

The ‘active factor’r can be thought of as an effect of the density of the pellet,
higher density pellets do not allow the internal titanium to oxidise and thus
| liberate heat energy. More porous pellefs éllow the free flow of oxygen and
thus oxidation is increased. Experimentally, this has been seen in chapter 5 in
tabl‘e 5.7 and 5.8. Additionally, Bakhman e al. (1998), Dunmead and Munir
(1989), Filonenko and Barzkin (1996) and Hiroshi and Odawara (1989) have
all reported the increased combustion / conversion of powder pellets with

increased porosity.

7.10.2 The Effect of the Furnace Parameters

As we have seen the furnace parameter of temperature has a considerable effect
on the ignition of the pellet. Graph 7.26 details the averaged heating rate the -
pellet exhibits up to its ignition point, when placed into a furnace at a set
temperature. As can be seen, the graph is not linear, but exhibits an exponential
effect due to the increasing role of oxidation and radiation effects at the higher

temperatures.
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Graph 7.27 shows the effect on the ignition temperature and the oxide
thickness on the powder at the ignition temperature, when the pellet is heated
from room temperature at a fixed rate. It is seen that the oxide thickness on the
powders and the furnace temperature at which they ignite is more or less
constant when the heating rate is above 10°C / min (0.167°C / Sec). Slower
heating rates cause an increase in the oxide thickness and the furnace

temperature at which they ignite.

It is interesting to note that the furnace temperature at which the pellets ignite
is around 1150K, the a-B transformation temperature. The pellets do not
liberate enough exothermic energy to get them past the transformation

temperature, and require the furnace energy to accomplish it.

For a certain heating rate it is shown in graph 7.28 that the thickness of the
oxidé on the pellét at the time of ignition increases linearly with the powder-
éize. The oxide thickness exprgssed as a percentage of the. powder radius gives
a asymptotic graph, nearing 4.65% at a powder diameter of 200um. This is
considerably larger than those of the pellets put into hot furnaces, as the

heating rates are so much lower, as shown in graph 7.26.

The effect of various heating rates on the temperature pellet profile are shown
in graph 7.29. The effect of the powder diameter on the temperature profile of
the pellet is shown in graph 7.30. Pellets with smaller diameter powders ignite

quicker and have a smaller oxide thickness on the powders. It is seen in graph
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7.31 that pellets made from even the largest powder diameters will eventually

ignite at the melting point of titanium.

The effect of the furnace holding time is also important in determining if
ignition of the pellet will occur. Graph 7.32 demonstrates that if the pellet is
only mildly exothermic then a drop in the furnace temperature, by the onset of
furnace cooling, can increase the heat loss of the pellet such that the péllet
cannot compensate for it and starts to cool. In such a case the pellets cease to
undergo thermal runaway. Holding the furnace at temperature for.a longer
period of time reduces the heat loss from the pellet and allows the exothermic
energy to be devoted to pellet temperature increase, thus thermal runaway

occurs with subsequent ignition of the pellet.

710.2.1.] Experi | Verificati
The work of Rode and Hlavacek (1994) show that increased heating rates

reduce the temperature at which the ignition of a powder sample will occur.

7.11 Conclusions

It has been shown that there are complex interactions that occur in the
computation and modelling of the oxidation of the pellet and powder. The faét
that a change in one variable effects many others sometimes makes it hard to
determine why the output results are as they are. However, each aspect of the

model is based on sound principles, which when taken as a whole and acting in
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a dynamically changing way, faithfully represents the effect of the powder,

pellet or furnace parameters.

The model has been show to be accurate in the prediction of the furnace
temperature required to promote the ignition of spherical titanium powder. The

model is therefore accurate in its theory and operational procedure.

The interaction between the furnace parameters (maximum temperature,
holding time, etc.) and the pellet and powder parameters (pellet size, powder
diameter, initial oxide thickness, etc.) ultimately produces a relationship
between heat loss and heat gain for the pellet. It is this relationship which will

govern whether a pellet will ignite.
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Chapter 7

Figures
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Figure 7.1 Simple Flowchart of the Numerical Model

Calculate the mass of
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Figure 7.3 Schematic of Pellet and Titanium Powder, as used in the Model
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Figure 7.4 Schematic Representation of Kirchoffs Law
OXenn is calculated using Kirchoffs Law, in which the enthalpy of formation of
a compound at any temperature can be calculated from knowledge of the

materials phase transformations and the enthalpy of formation of the

compound.
= OXenn (TiO)at T = :
0, (T) + Titanium (B) (T) » TiO,(T)
A
Ti (B) = Ti (o) (1155K) Phase transformation
v => AH¢ (TlOz) at 298K =
0 (298K) + Ti (o) (298K) »Ti0; (298K)

OXeu for any temperature T is calculated as follows:

I£T is above 1155K2

Calculate the energy change when B titanium is reduced from T to 1155K (-ve).
Calculate the latent heat of transformation from B => a titanium (-ve).

Calculate the energy change when « titanium is reduced from 1155K to 298K (-ve).

Calculate the enthalpy of formation of TiO; at 298K from Ti + O, (-ve).
Calculate the energy required to raise TiO, from 298K to TiO, at T (+ve).

I S o A

Sum 1= §, this value is equal to the enthalpy of formation of TiO, at T from Ti + O, at T.

E

Calculate the energy change when a titanium is reduced from T to 298K (-ve).
Calculate the enthalpy of formation of TiO; at 298K from Ti + O, (-ve).
Calculate the energy required to raise TiO, from 298K to TiO, at T (+ve).

il

Sum 1= 3, this value is equal to the enthalpy of formation of TiO, at T from Ti+ O, at T.
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The Effect of Altering the Pellet Length,
Diameter or Both on the Pellet Surface Area
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Titanium in Pellet / Moles

The Effect of Altering the Pellet Length,
Diameter or Both on the Pellet Surface Area

12 0.0200
] --- +--- Standard Diameter, Length Changes o~
] Right Axis e Eoos
1.0- -
—o— Standard Length, Diameter Changes -1
o~ 1 -- 8- - Diameter and Length Change - 00150
E 1 Left Axis e
-~ 084 -,‘+ ’ -
8 : ) ,d 00125 &
< | - P
8 0.6 4 " o 0.0100 %
g 1 Lo° "’ 2>
3 4 ¥ o’ 00075 B
D 04- 3,
.9- <
E . £.0050
0.21
; 0.0025
0.0 r—— T T { 0.0000
o] 50 100 150 200 250 300 350 400 450 500
Changing Pellet Dimension / mm
Graph 7.1
The Effect of the Initial Powder Oxide Thickness
onthe Moles of Titanium ina Standard Pellet and
the Moles of TIO, in a Standard Pellet.
0.16 ) 0.16
Jo —0-—Moles of Tanium
‘ o in the Pellet
0.14 \U 0.14
0 12: \° ‘/<> J4o124
. AN A 178
110 4 40103
T AN -
0.08 o, ~ doos &
| < | 3
o
0.04 ~ Jona s
0.02- /o/° o Nolesof TIO, \o\_(l 002
4 in the Pellet 4
°°
0.00 @—r— T T ——T1——— 0.00
0 2 4 6 8 10 12 14 16 18 20
Thickness of Inital Oxide Layer / um
Graph 7.2

213



The Relationship Betweenthe Total Titanium
Powder Surface Area in a Standard Pellet -
and the Titanium Powder Diameter.
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Relationship Between the Calculated Adiabatic Reaction
Temperature and the Conversion Factor for a Standard Pellet.
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The Effect of the Pellet Diameter on the Time to Ignition of a
Standard Pellet in a Fumace Held at Various Temperatures.
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The Effect of the Pellet Size (as a Ratio of the Standard Pellet
. Size) on the Ignition of a Pellet Held in a Furnace at 800°C.
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The Effectof the Titanium Powder Diameter onthe Time Taken for
a Standard Pellet to Ignite ina Fumace at Various Temperatuwes.
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The Effect of the Powder Diameter and the Pellet Dimensions (as a Ratio of the Standand

Pellet Size) on the Time Taken for the Pelletto Ignite in a Furnace set at 900°C.
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The Effect of the Titanium Powder Diameter on the Powder Oxide Thickness
at the Time of Pellet Ignition for Various Furnace Temperatwres.
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The Effect of the Pellets 'Active Facor' onthe Time Taken for
a Standard Pellet to Ignite in a Furance at Various Temperatures.
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The B fect of the Fumace Heatirg Rate on the Temperature
Profile of a Standard Titarium Powder Pellet.
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Chapter 8
The Effect of the Initial Powder Composition and the
Addition of an Iron Powder Diluent on the Products of

the SHS Reaction Between Fe,O3 and Titanium.

8.1 Introduction

One of the aims of this research was to produce, via the SHS method, a
titanium oxide dispersed iron matrix master alloy. It has been seen in the
previous chapters that the reaction Fe;O3 + 3Ti is highly exothermic, fonning a
product that is highly segregated. The metallic phase is completely separate
from the surrounding ceramic phase. Other researchers, for example Saidi
(1995), have shown that by changing the initial composition of the reactant
powders, or by adding a diluent, the final product is modified. It has been seen
that the acidition of a diluent reduces the SHS reaction tempera@e, thus
producing a finer ceramic particle morphology. In this chapter the SHS
reaction between Fe,0;, titanium and iron powders is investigated, from a view
of changing the initial starting composition to form a final product mdrphology

that is a fine dispersion of ceramic phase in the metallic matrix.

8.2 Experiments

Pellets of compositions summarised in tabie 8.1 were constfucted from <5pum
Fe;0;, <150pum titanium and <60um Fe powders. The pellets.were ighited in
the argon backfilled glove box, via an electrically heated tungsten filament.
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The temperature profile of the pellets was recorded by optical pyrometry.

Comprehensive details of the experimental routine are found in chapter 4.

Table 8.1 Compositions of Pellets Used in the Experiments, Constructed
from <5pm Fe;03, <150pm Ti and <60pm Fe:
Fe;03 + X (moles Ti) + Y (wt% Fe)

X (moles of titanium)

Y (wt % of added iron)

1.5 0, 10, 20, 30, 40, 50
2 0, 10, 20, 30, 40, 50
3 0, 10, 20, 30, 40, 60, 65
4 0, 10, 20, 30, 50, 60
5 0, 10, 20, 30, 50, 60
6 0, 10, 20, 30, 40, 50

Stoichiometric reaction products and their exothermicities are detailed in table

8.2

Table 8.2 The Stoichiometric Reaction Products of Pellets with Various
Initial Starting Compositions and the Reactions Total Exothermic

Energy

[nitial Pellet The Stoichiometric Reaction | The Total Exothermic
Composition Product Energy of the Reaction
Fe;O;3 + 1.5Ti TiO, ~125kJ

Fe;O3 + 2Ti Ti,03 ~700 kJ

Fe,0; + 3Ti TiO ~810 kJ

Fe;O3 + 4Ti TiO ~810kJ

Fe;O3 + STi ~Ti;0, unknown

Fe;0;3 + 6Ti Ti;0 + a-Ti solid solution unknown
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8.3 Results

The XRD analysis of the crushed products of the reacted pellets is shown in
table 8.3. In some reactions the metallic product phase segregated from the
ceramic phase, forming a pea sized lump. This could not be included in the
XRD analysis due to the crushed powder method used to analyse the product.
Pellets that did not react are included so that the compositional limit of the

reaction is known.

Table 8.3 XRD Analysis of the Crushed Products of Reacted
Pellets of Various Compositions

Initial Powder Compositions : Fe;O; + X XRD Analysis
1.5Ti Ti;Os FeTi Fe
1.5 Ti + 10wt% Fe Fe,TiOs Fe
1.5 Ti + 20wt% Fe Fe,TiOs Fe
1.5 Ti + 30wt% Fe Fe,TiOs Fe
1.5 Ti + 40wt% Fe Fe,TiOs Fe
1.5 Ti + 50wt% Fe Did Not React
2Ti Ti,O; TiO Fe,Ti

2 Ti+ 10 wt% Fe

Ti,O; TiO Fe,Ti

2 Ti+ 20 wt% Fe

Ti203 TiO FezTi

2 Ti+ 30 wt% Fe

TizOJ Ti305 Fe

2 Ti + 40 wt% Fe

Ti203 Ti305 Fe

2 Ti + 50 wt% Fe

TizOg Ti305 Fe

2 Ti + 60 wt% Fe Did Not React
3Ti TiO Fe,Ti

3Ti+ 10 wt% Fe TiO Fe,Ti

3 Ti+ 20 wt% Fe TiO Fe,Ti Fe

3 Ti+ 30 wt% Fe

TiO Ti,0; Fe,Ti Fe

3 Ti+ 40 wt% Fe

TiO TizOg FezTi Fe

3 Ti+ 60 wt% Fe Ti,O; + Fe

3 Ti+ 65 wt% Fe Did Not React
4Ti TiO Fe,TiO,

4 Ti+ 10 wt% Fe TiO Fe,TiO,

4 Ti+ 20 wt% Fe TiO Fe,TiO4 Fe,Ti
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4 Ti + 30 wt% Fe

TiO Fe,TiO; Fe,Ti

4 Ti + 40 wt% Fe

TiO TizO; FCzTi

4 Ti + 50 wt% Fe

TiO TizOg FCzTi

4 Ti+ 60 wt% Fe Did Not React
5Ti TiO Fe,TisO
5Ti+ 10 wt% Fe TiO Fe,Ti,O

5 Ti+ 20 wt% Fe

TiO FezTi4O FezTi FeTi

5 Ti + 30 wt% Fe

TiO Fe,Tiy;O Fe,Ti FeTi

5 Ti+ 40 wt% Fe

TiO Fe,Ti;O Fe,Ti FeTi

5 Ti+ 50 wt% Fe Ti,0; Fe,Ti
5 Ti + 60 wt% Fe Did Not React
6 Ti Fe,Tiy0 Ti,0O FeTi
6 Ti + 10 wt% Fe Fe,Ti;0 Ti,O FeTi
6 Ti + 20 wt% Fe Fe,Ti,O Ti,O FeTi
6 Ti + 30 wt% Fe Fe,Ti,O Ti,0O FeTi
6 Ti + 40 wt% Fe Fe,Ti;O Ti,0 Fe,Ti FeTi
6 Ti + 50 wt% Fe Did Not React

The pyrometer recorded the temperature of the reaction wave as it passed
through the pellet. The pyrometer makes its measurement using infra-red light
radiated by the pellet surface. As such, surface porosity and surface separation
from the core material may produce results that are slightly lower the actual
core pellet temperature. The reaction wave temperatures are shown in figure
8.1. The actual temperature profiles for selected pellets containing 3, 5 and 6

moles of titanium are shown in figures 8.2, 8.3 and 8.4 respectively.

8.3.1 Product Morphology

The morphology of the reaction products is seen to change with titanium and
iron composition. Segregation between the metallic phase and the ceramic
phase is seen in pellets that contain low quantities of titanium and iron. The
optical micrographs in figure 8.5 and 8.6 are from a pellet of composition
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Fe,03 + 2Ti + 10wt% Fe. The metal (fig. 8.5) is seen to be quite free from
ceramic inclusions whilst the ceramic phase (fig. 8.6) has metallic veins
throughout it. The XRD analysis from table 8.3 show that the ceramic phase

contains TiO, Ti,O; and Fe,Ti.

Increasing the iron diluent level to 40wt% changes the vstxr'ucture from a
segregated one to a mixed metallic — ceramic, figure 8.7. The particles are fine
and evenly dispersed. Increasing the diluent level to 50wt% in the same Fe,O;
+ 2Ti pellet brought the pellet to the limits of its ability to react if ignited via
the SHS method, figure 8.8. The change in structure is easy to see. The reaction
has occ;xned, but to a significantly lesser extent th{m the previous pellet. Areas
of ceramic material (Ti,O; and Ti;Os) are seen within the iron ‘matrix. The
typical morpholog& of the ceramic areas is one of a ceramic bouﬁdary
containing within it, ﬁhe ceramic partic;ﬂate. The boundary Ican be seen around
a pore in the metallic matrix or completely surrounding the finer ceramic
pyarticles. The rfxeiallic matn"x‘ is qﬁite pofous. Increasing the iron diluent levels

to 60% inhibits any SHS initiated reactions.

8.3.2 The Fe;O; + 3Ti Reaction

The stoichiometric composition to form a product of 2Fe + 3 TiO is Fe;0; + 3
Ti. The product of this reaction is seen to consist of TiO and Fe,Ti.
Morphologically, there is gross segregation between the phases. Figure 8.9
shows this well. Adding 30wt% Fe to the composition dramatically changes the
product morphology. The ceramic and metallic components are evenly mixed.

together, figure 8.10. The dark areas are porosity within the structure.

233



Adding a further 20wt% Fe diluent to produce a starting pellet composition of
Fe;0; + 3 Ti + 50wt% Fe produces equally dramatic results, as can been seen
in figure 8.11. The pellet it on the limits of self sustaining reaction. Three areas
are defined within the picture. The metallic area (mark X), the mixed area
(mark Y) and the ceramic area (mark Z). \F'igure 8.12 shows the product formed
by the reaction between Fe,O3 + 6Ti + 20t% Fe. This compositions product
consists of discrete titanium oxides within a metallic matrix and is the best

example of such a microstructure produced in this work.

8.3.3 Partial Reactions

The reaction mechanism between the Fe,0s, titanium and diluent iron is
revealed in figure 8.13. This is a sectioned 'péllet of composition. Fe,O;3 + 4Ti +
50wt% Fe that has not fully reacted. The reaction did not have sufficient
exothermic energy to proceed to the bo&om of the saniple. The reaction wave
stopped halfway down the pellet, sintering the material below it. It shows the
reaction between titanium, Fe;O3 and Fe that occurs as the combustion wave‘
travels down the pellet. At the top of the figure is the limit of the melt (line X-
X-X). Everything below this is due to the effect of sintering. The large particles
are the titanium powders (for example, marks Y), the matrix in which they sit
is a mixture of Fe and Fe,O; (for example, marks Z). The Fe;03 can be seen at

the bottom of the figure as black areas around the Fe particles, figure 8.15.

Figure 8.14 is a close up of the reacted end; the titanium powders have reacted,
forming titanium oxides within the boundaries of the particle (mark X). Some

titanium powders have melted, forming porosity (mark Y). Figure 8.15 is a
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close up of the cooler end. The titanium (marks X) has not reacted with the
Fe,0;5 to such an extent. There is a slight amount of surface reaption. The

outline of the iron powdefs is clear to see (fof éxample, marks Y)

Figure 8.16 details the reaction mechanism seen above. There were areas that
still contained the initial reactant in powder form, and others in which the
titanium powdefs had started to react. EDX énalysis revealed the composition

at the points, table 8.4.

Table 8.4 EDX Analysis at the
Points Detailed in Figure 8.16

Mark Composition
1 100% Fe
2 100% Ti

A close up of a reaction interface, as seén at marks X, is shown in figure 8.17
and the related higher ma‘gniﬁcation‘image in figure 8.18. It is an interesting
area of the sample in which a titanium powder has ﬁndergone a significant
amount of reaction. Table 8.5 details the EDX analysis thé.t was obtained from

the points shown on figure 8.18. The probable phase is also noted.
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Table 8.5 EDX Analysis at the Points Detailed in Figure 8.18

Mark Tiathe Fe at% Oat% Phase

1 100 0 0 Ti

2 86 0 14 Tiwith O in

solid solution

3 49 37 14 ~Fe;TisO

4 34 0 66 TiO;

5 34 66 0 Fe,Ti

6 50 50 0 FeTi

The effect that the compact composition has on the limits of ignition and the
product morphology is shown in figure 8.19. This figure is generated from the
assessment of the product morphology and the ability of the pellet to ignite and

react in the self-propagating mode.

8.4 Discussion

8.4.1 Prbdud Oxide Compdsition

It is seen from table 8.3 that ﬁe products composition is influenced by the
starting cdmposition. In the undiluted compositions,‘there is a general tendency
to form oxides that are near stoichiometric to the starting composition. This is
the case for the 2, 3 and 4 moles of titanium series. The reason for the lack of
TiO, formation in the 1.5 moles of titanium series is unknown. It is seen to

form when titanium oxidises in air. It maybe that oxygen solution into the

metallic iron and gaseous expulsion reduced the total oxide content of the
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system to below that required to form TiO,. Ti3Os has the same crystal

structure as TiO; and can be described as an oxygen deficient TiO,.

The 4, 5 and 6 moles of titanium series can be' described as a 3 moles of
titanium cofnposition with excess titanium. Taking the undiluted examples, we
see that the complex iron-titanium oxide Fe,;Ti4O forms along side TiO in the 4
and 5 moles of titanium series and Ti,O in the 6 moles of titanium series.
Looking at just the titanium to oxygen ratio in the oxide, it is seen that the
oxygen would have been in solution in the titanium if it were in pure form. The'
presence of iron in the metallic matrix promotes the formation of FezTi40. As
such, without the iron, this phase would not exist. This work is in agreement
with Wang et al. (1994a) who found that thé phase distribution was dependant

on the initial reactant composition and the combustion temperature.

8.4.2 Reaction Temperature

From figure 8.1 a general trend in the temperature profiles of the compacts is
seen. Inéreasing the titanium or diluent iron content decreéses the‘reactio‘n
wave temperature. The series of compositiohs that contain 3,A4, S and 6 moles
of titanium decreasé almost in parallel to one another as the amount 6f diluéﬁt

is increased.
At 30wt% Fe the reaction temperature drops noticeably and continues to do so

as more diluent is added. In contrast, the temperature of the reaction wave in

the compositions that contain 1.5 and 2 moles of titanium shows a high degree
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of sensitivity to the amount of iron diluent added to it. This effect can be

explained by an analysis of the exothermicities of the reactions.

If we introduce the concept of ‘energy release / mol’ we can examine the real
life exothermicities of these reactions. From table 8.2 we see the exothermic
energy of the total reactions. If we divide this figure by the mass of reaction
material that is required to make one mol of the product, we determine the

‘energetics’ of the mixture, table 8.6.

Compositions based on 5 and 6 moles of titanium will be less energetic than
the 4 moles of titanium series as there is more titanium present (mass) in the

compact.

Table 8.6 Calculated ‘Energetics’ of Various SHS Reactions Based on
' ~ the Fe;03 + xTi Scheme
Ti/ | Stoichiometric Exothermic Mass of Reactants: | Energy
mol Product Energy: kJ mol’! . gmol? Release:
kJ E-l
1.5 TiO; 125 232 0.54
2 Ti;0; 700 256 2.73
3 TiO 810 304 266
4 TiO - 810 351 2.30

We would expect that the reaction with the highest energetics to have the
highest reaction temperature, but that is not so. The 1.5 moles of titanium series

has the lowest energetics of those calculated and has the highest reaction

238



temperature. However, the effect of the diluent on the combustion temperature
is seen to be proportional to the energetics of the reactant materials. The 1.5
moles of titanium series is greatly effected, whilst the 2, 3 and 4 mol series are

effected to similar, lesser amounts.

The ‘energetics’ of the system is therefore a measure of the sustainability of
the reaction - the amount of extra energy generated by the reaction above that
which is required to sustain it. A system with low ‘energetics’ (1.5 moles of
titanium) is just managing to be self sustaining, the addition of a diluent drops
the reaction temperature and causes incomplete reaction, figure 8.19. A system
with high ‘energetics’ (3 moles of titanium) has sufficient excess energy to

overcome the heatsink effect of the diluent and react completely, figure 8.19.

8.4.3 The Effect of Iro’n Diluent

The effect of dxluuon has been explored by Ranganath and Subrahmanyam
(1995) who found in their analysis of the Tl +C combustlon reaction, that
having an excess number of moles of titanium in the composmon reduces the
adiabatic reaction temperature and the proportion of titanium that was molten
during the reaction. In effect, not all the titanium melts during thé rédctioh
This is dcmonstrated by analysis of the products of the 2 moles of t1tamum
series in figures 8.1, 8.5 - 8.8 with the XRD analysns in table 8.3 and the figure
8.19. Initially the products are segregated (figures 8.5, 8.6). The reaction
temperature is over 2100°C, thus the ceramic phase is molten. The high heat of :
the combustion reaction and the longer cooling times, allows the metallic phase

to ‘drop’ out of the ceramic phase and coalesce. It should be noted that
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titanium in solution with iron promotes the separation of titanium oxides from

the metallic matrix (Gammal 1991).

Adding increasing amounts of diluent cools the reaction. At 40wt% Fe, figure
8.7, the reaction temperature is just under the melting point of the oxides. Here,
there is no segregation, the ceramic is distributed within the metallic phase as
fine particles. As the reaction temperature is below the melting point of the
oxides they must form as solids or precipitate from the melt. Analysis of the Ti
- O phase diagram shows that only Ti>O and Ti;O precipitate from titanium
upon cooling, thus the oxides must form as solids in the molten matrix. Their
formation as solids promotes solidification of the matrix (Hanumanth and Irons
1996), and inhibits coalescence. The rapid solidification of the matrix stops

oxide growth producing the finely dispersed oxide product.

Increasing the diluent iron to 50wt%, figure 8.8, lowers the reaction
temperature even further and stops complete melting of the constituents. The
reaction is seen to be limited. Some titanium powders have internally oxidised
without mixing with the iron matrix. The oxide dispersion is similar to that
found in the 40w1% Fe sample, figure 8.7. Thus, the titanium powders have
melted, oxidised but then been contained within the boundaries of the powder.
This could be due to a solid oxide shell forming around the titanium powder or

rapid solidification of the matrix stopping the reaction.
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8.4.3.1 Reaction Temperature Profiles

Figure 8.2 shows that increasing the iron percentagé in the reactions vbased on3
moles of titanium, smoothes the pellet temperature profile. The sample with no
iron features a large ‘exotherm’ at 3-11 seconds, and a smaller one — also
featuring in the sample with 20wt% - at 15-20 seconds. The initial ‘exotherm’
detected in the sample with no added iron is at the same temperature as the
solidification temperature of TiO. Chapter 5, figure 5.21, detailed the
morphology of the product. With this morphology, the solidification
temperature profile of the porous ceramic shell is captured. This effect is seen
moderately in the sample with 20wt% Fe, but due to the lesser degree of
segregation, it is not as marked. The effect is non existent in the 40wt% Fe
sample. The secondary ‘exotherm’ appears in all the samples, but does not
relate temperature wise, to any product phase changes. The temperature is
relatively low, below the melting point of titanium oxides and metallic iron, so
it could be a Fe - Ti alloy, possibly the exothermic formation of FeTi or Fe,Ti.

However, due to the segregated physical structure it is not possible to deduce.

The low temperature ‘exotherms’ are seen in the 5 moles of titanium samples
in figure 8.3. Again, these structures are relatively segregated and thus it is
difficult to determine the individual process that is causing the reaction.
However, the temperature is near the melting point of iron, and could be a Fe -
Ti alloy. The mixed structure of the sample containing 40wt% iron contains no
evidence of ‘exotherms’. This is because the compact solidifies within seconds
and is recorded as a solid cooling. This is the same for the 6 moles of titanium

series of compacts.
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8.4.4 The Fe;0; + 3Ti Reaction

The Fe,0; + 3Ti reaction is of interest as it forms the Stoichiometric oxide TiO.
It is the starting point in the analysis of the more dilute 4, 5 and 6 moles of
titanium systems. The morphology of the products is seen to follow those

described for the 2 moles of titanium system.

Figures 8.9 - 8.11 depict the transition across the morphologies with increasing
iron diluent content. In figure 8.9 there is a definite boundary between the
phases. In the metallic phase on the right hand side arc spherical afeas bf TiO.
To form an oxide sphere within the metal, both the metal and oxide must have
be?n liquid. The reaction temperature is ~2000 °C which is sufficient for this to
be the case. On the left hand side of the metallic area, TiO is seen to be in a
dendritic form. This is evidence that it must have grown as a solid within the
m‘oltcn iron-titanjum-oxygen alloy during cooling. Thus the initial reaction
products are liquid titanium oxide, the majority of which segregates from the
metal, and a liquid Fe-Ti-O allby. Oxygen has a very small solubi‘lit};
(<0.002at%) in iron but a solubility in titanium of ~30at%. ﬂpon cooling of the
alloy there is some titanium oxide ahd iron‘ titanium oxéde precipitation.
Although no Fe-Ti-O phases were found i;l the ceramic shell it is possible thaf

there are quantities in the metallic phase.
A mixed morphology is seen in the sample with 30wt% Fe. Here, the compact

reaction temperature is just above th¢ melting point of TiO. Thus it solidifies

rapidly and traps thg metal phase within it. An even, mixed, morphology is the
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result. In effect, the excess metal is acting to fill the pores of the solid ceramic

phase (Feng et al. 1994).

50wt% Fe puts the composition onto the limits of its self sustainability. The
_reaction temperature is below the melting point of TiO and oxides that form
will be solid. There are areas of ceramic dispersed within the metallic region
(mark X), bordered by large regions of ceramic phase (mark Z). In-between
these regions is a thin area of phase that has the appearance of that in figure
8.10 (mark Y). The titanium oxides formed at mark X are the same as those in
figure 8.7. Their angular morphology is evidence of their precipitation from the
melt. The formation and composition of the ceramic under mark Z is not

known.

8.4.5 Morphology Control and the ‘ldeal’ Morphology

In the series of compositions in.table 8.1, it has been shown that titanium
oxides mainly form as liquids, but can be precipitated from the rﬁetallic matrix.
Iron can act to produce definable oxide phases that would not exist without its
presence. It is seen that the coolin‘g rate of the compact is a defining factor in
enabling the phases to be trapped in place. Slow cooling from high
temperatures enables gross segregation, whilst too low a tempex;ature inhibits
complete reaction. In general, the product microstructure is dependant on the
different physiochemical properties of the reactants and the products (Feng et
al. 1994) and the extent of liquid and gaseous species at the reaction front. As

such, for this system, each case must be examined in its own right.
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By analysing the morphology of the products a graph was constructed to
describe the boundary conditions that are at work with these compositions,
figure 8.19. It should be pointed out that due to the dependency of the product
morphology on the cooling rate of the sample, the conditions only apply with
samples of identical size, reacted under identical conditions. Explorative '
investigations into scaling up the reaction produced morphologies that bore no

relation to the boundary conditions in this work.

The drive to produce an ideal material of discrete titanium oxides within a
metallic matrix was realised in the composition Fe;0; + 6Ti + 20wt% Fe.

Under the experimental conditions employed in this research the composition
- produced the morphology displayed in figure 8.12. The XRD analysis shows
the oxides to be Fe,TiyO or Ti;O. Both these phases are precipitates. Ti,O
precipitates when the solid solution TiOjs3s% cools below ~600°C. The
formation of Fe;Ti4O is known to be promoted by the presence of the iron. The
oxides have a globular appearance and most are not coherent with the matrix,
suggesting that they formed as liquids in the liquid matrix. With a maximum

reaction temperature of ~1700°C, no literature on iron titanium oxides liquid at

this temperature could be found.

8.4.6 Reaction Mechanism

Under limited heating there is a réaction between the titanium powders and the
Fe;0;. This is seen as the appearance of a black interface around the titanium
particles, figure 8.15. Although the figure is not in colour, it was seen that the

outer edge of the titanium powders had turned a light golden colour, evidence
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of oxidation to TiO. When the compact temperature is significant enough to
melt the matrix, ﬁgqre 8.14, there is mass oxidation of the titanium powders.
The oxide morphology is typical of solid oxide formation within a molten
matrix. The oxides have not mixed with the molten matrix as the formed oxide
shell is solid and confines them to within the titanium powder. Kanuary (1992)
states that the Fe;0; + Al and Ti + C reactions are based around the metal
phase melting and forming a molten alloy complex around the non-metal.
Diffusion of species across this alloy then controls the reaction. This is
possibly true in the mentioned reactions as the metallic phase in both cases has
a lower melting point than the non-metal phase. In this reaction, the Fe;03 will

melt first and no literature could be found on similar systems.

The actual reaction scheme is shown in detail in figures 8.16, 8.17 and 8.18.
The reaction is only partial, as can be seen from the one element resuits of the
powders in figure 8.16, table 8.4. However it is extensive, with a reaction layer,
marked R, of about Sum thick. This layer is thought to be the black layer
observed in the optical micrographs. Its cracked morphology and brittleness
would make it prone to removal during polishing, this would lower it below the
metallic surface and give it the ‘black’ appearance. The morphology of the
titanium particle is unlike the original powder. It has a crystalline appeafance
that could be due to it melting and solidifying again. This could be caused by
the exothermic heat of the oxidation at the reaction layer, mark R. Under
conditions of full melting, with a molten oxide shell, the titanium metal would
mix with the molten iron based matrix. However, in this case ihe o*ide shell

was solid and the titanium was confined to within it,
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The phase under mark 2, figure 8.18, is titanium, but has a ‘sintered powder’
appearance. A similar morphology was seen on the titanium and Fe;0; sintered
samples from chapter 5, figure 5.40. Its slightly darker colour on the BSE
micrograph agrees with the EDX analysis of a higher oxygen content than the
pure titanium. The structure could be explained as it is known that titanium
significantly embrittles as it absorbs oxygen. This layer is probably a oxygen
rich titanium solid solution that has cracked as it has formed, during processing
or after melting an recrystalisation. As such the original boundary between the
titanium powder and the Fe;O; powder is under mark 3. Here we find the Fe —
Ti — O phase that could be Fe;TisO. This phase forms from the reaction
MMeen the Fe,O; and titanium and it could be the first liquid phase to form. If
we ignore the oxygen content, the Ti — Fe ratio is 57% - 43% which is close to
the low melting point eutectic composition of 70% - 30%. Later oxidation and
iron migration could have altered the composition. Under conditions where
Signiﬁcant quantities of this phase forms, the reaction would go to completion.
In this case there is only a slight reaction (0.5um thick). Additional titanium
cation diffusion through this layer forms the TiO, under mark 4. This then

stops any additional iron diffusion into the titanjium.

Around the outside of the titanium powder is an extensive, porbus, metallic
network of ~10um in width, figure 8.17. The EDX analysis, table 8.5 - marks 5
and 6, reveals this to be Fe;Ti and FeTi. The network chaﬁncl width of ~lpum is
similar to the diameter of the Fe2O3; powder. The possible method of formafion
for this phase is the sintering of the Fe;03 powder, its reduction to a sintered Fe

mass, and then the diffusion of titanium into the Fe to form the mixed phases.
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Saidi (1995) thought that the Fe-Ti phases were involved in the iron — titanium
- carbon reaction, whilst Fan er al. (1997) could not find any evidence for the
phase. It is evident that they exist but it is impossible to determine what part
they play in the reaction. The primary reaction appears to be at the interface, at

marks 2, 3 and 4.

8.5 Conclusions

o Increasing the iron diluent content increases the complexity of the phases
formed and reduces the combustion temperature.

e The product can take one of three morphologies; segregated, mixed or
partially reacted.

¢ Titanium oxides that are liquid at the reaction temperatures and have to be
trapped in position by a rapidly solidifying matrix to form even dispersions.

¢ Titanium oxides that are solid at the reaction temperatures are generally
confined to the boundaries of the titanium powders, due to the formation of
a solid titanium oxide layer.

e The oxidation and alloy formation reactions that occur in the compact are
complex and related. It is impossible to deduce the reaction mechanism.

However, it is possible to say the iron does play a part in it and is not inert.
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Chapter 8

Figures
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50pum
Figure 8.5 Optical Micrograph of the Metallic Product from a Fe;O3 + 2Ti +
10wt% Fe Compact. Dark areas (y) are ceramic product in the metallic matrix.

Figure 8.6 Optical Micrograph of the Ceramic Product from a Fe;0; + 2Ti +
10wt% Fe Compact. Dark ceramic phase (Y) contains silver metallic particles
(2).
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S50pum
Figure 8.7 Optical Micrograph of the Product from a Fe;0; + 2Ti + 40wt %
Fe Compact. Ceramic phase (Y) dispersed in metallic matrix (Z).

Figure 8.8 Optical Micrograph of the Product from a Fe;03 + 2Ti + 50wt%
Fe Compact. Ceramic material (x and y) in iron based metallic matrix (Z).
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100pm
Figure 8.9 Optical Micrograph of the Product from a Fe;O3 + 3Ti Compact.
Ceramic area (Y) segregated from metallic area (Z).

SOpum
Figure 8.10 Optical Micrograph of the Product from a Fe;O3 + 3Ti + 30wt%
Fe Compact. The Light Phase is the Metallic, the Dark the Ceramic.
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Figure 8.11 Optical Micrograph of the Product from a Fe;O; + 3Ti +50wt%
Fe Compact.

Figure 8.12 SEM Micrograph of the Product from a Fe;O3 + 6Ti + 20wt% Fe
Compact.
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Figure 8.13 Optical Micrographs of a Part Reacted, Sectioned Compact of Composition Fe,O3 + 4Ti + 50wt% Fe
100pum

TOP




S0pm
Figure 8.14 Close Up Optical Micrograph of the Reacted End of the Part
Reacted, Sectioned Sample seen in Figure 8.13

SOum
Figure 8.15 Close Up Optical Micrograph of the Cooler, Unreacted End of the
Part Reacted, Sectioned Sample seen in Figure 8.13
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Figure 8.17 E-SEM Image of Powders Taken from the Part Reacted,
Sectioned Sample seen in Figure 8.13
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Chapter 9

Conclusions and Future Work

9.1. Conclusions

1. The oxidation of titanium powder compacts in air has been investigated.
The exothermic oxidation of titanium in air can be sufficient to cause
melting of the titanium. The formation of the liquid titanium phase signals

the onsct of combustion.

2. The ambicnt temperature required to promote ignition of the compact is
dctermined by the titanium particle size. Temperatures as low as 550°C
were seen to be sufficient to promote ignition of the compact. Within the
expcrimental boundaries investigated, the density of the pellet influences

the oxygen penctration into the compact, and therefore the degree of

oxidation of the compact.

3. Titanium powder reacts exothermically with Fe;O; powders. The reaction
temperature can be in excess of 2200°C. Using <150um titanium powders,
the ambicent temperature required to promote ignition of stoichiometric

Fe,03 + 3Ti powder compacts in air or argon atmospheres, is 600°C.

4. It was calculated that an oxide thickness of ~lum was sufficient to cause
melting of the titanium powder particle. The oxide thickness was seen to

agree with expcrimental findings.
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S.

A computer programme has been written that faithfully models the
oxidation rcaction between titanium powder compacts in air. Experimental

evidence verifies the accuracy of the computer model.

Even dispersions of titanium oxides within a Fe-Ti matrix can be produced
by the combustion reaction between Fe,O; and titanium. The morphology
and composition of the products of these reactions is dependant on the

starting reactant composition and the reaction temperature.

9.2, Future Work

1.

Investigation and development of the Fe;O3 and titanium reaction model.

The effcct of tempcerature, heating rates, atmosphere and time.

Further work to introduce more accurate methods of determining key
compact characteristics such as heat flow, diffusion of species, density, the

effect of melting etc. The production of a 3 dimensional model.

Further development of the mathematical model to include the Ti + C and

Ti + C + Fe systems.
Introducing additional oxide stabilising elements to the Fe,O3 + titanium

composition such as carbon and nitrogen. Are mixed oxycarbides /

oxynitrides formed?
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5. Investigating the addition of Fe-Ti alloys as diluents or use them as the

source of reactant titanium.

6. Investigate the effect of using different iron oxides — FeO, Fe;04 — to vary

the reactant iron — oxygen ratio.

7. Add the SHS formed iron-titanium oxide composites to steels to investigate

their cffect, are they ferrite nucleating or grain refining ?
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Appendix A: Figure 7.2 Flowchart for the Titanium Oxidation Computer Programme.
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Appendix B: Walk Through of the Computer Model -
Ti_Burn.bas

1.1 Introduction

The computer programme has been designed to model the oxidation behaviour of a pellet made
up of particles of spherical titanium, heated via a furnace in air. The model takes into account
the cxothermic nature of titanium oxidation in determining the pellet temperature and can
predict whether the oxidation reaction becomes self propagating and if so, the adiabatic
temperature of the reaction. The temperature profile during cooling is also modelled. In
addition to this, the modecl allows the user to define most of the parameters that are involved in
the experimental system.

To aid the user of the model the following commentary outlines the individual sections of the
programme, relating the cquations used, to one another. It is written to aid the user in
understanding the written programme, not the numerical model behind the programme. All

figures are in S.1. units. Inputs are converted into Metres, Joules and Kg.

1.2 Programme Breakdown

The breakdown will follow the order in which the programme runs.

1.2.1 Opening Statements

e  Programme information

1. DECLARE SUB: declares the sub programmes and the input and outputs required by and
returned by the sub programmes.

¢ SUB TEMPERATUREINCREASE: determines the temperature change in K, in the pellet,
due to the energy gaincd from oxidation and furnace heating / cooling.

e SUB HEATLOSS: determines the energy lost or gained by the pellet via radiative and
conductive means. If the pellet is cooler than the furnace, heat will be gained from the
furnace by radiative and conductive means. If the pellet is hotter that the furnace it will
loose heat in a like manner.

e SUB OXIDATION: determines the amount of oxide formed in 1 programme cycle.
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SUB EXPLOSION: determines the adiabatic temperature of the reaction. It assumes that
the reaction is instantancous, the whole of the pellet reacting at once.

SUB REACTLOSS: determines the heat energy lost or gained by the pellet after the
cxothermic reaction in SUB EXPLOSION. It is the same equation as SUB HEATLOSS
with some different valucs.

SUB COOLING: deternunes the heat lost in K from the pellet after the exothermic
reaction in SUB EXPLOSION.

SUB FURNACE: controls the furnace temperature during the programme run.

Printed introduction to the programme.

INPUT FILENAMESS: Opens up a file for storage of the produced data, this can be user

defined. The file is an ASCII text file.

1.2.2 GOSUB METALDATA

This sub routine holds the data for the metals and oxides used in the programme. It is used to

load the data into memory prior to running the programme.

TIDENS: titanium density.

OXDENS: titanium oxide, TiO;, density.
TIMOLMAS: titanium molar mass.
OXMOLMAS: titanium oxide, TiO;, molar mass.
TIMELT: melting temperature of titanium.
TIVAP: vaporisation temperature of titanium.
TIO2MELT: melting temperature of TiO,.
TIHEAT: latent heat of fusion for titanium
TIVAPHEAT: latent heat of titanium vaporisation.

TIO2HEAT: latent heat of melting for TiO,.

1.2.3 GOSUB COMPACTDATA

This sub routine sets variables attributed to the size of pellet and the powder constants. It loads

them into the memory prior to the programme execution. The programme is designed to model

the temperature of an cylindrical pellet formed from spherical titanium powders at their
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maximum packing density of 74%. The user defines the length and diameter of the pellet and
the titanium powder diameter, pre-existing oxide thickness on the titanium powder and the

percentage of titanium powder surtace area that oxidises.

1.2.3.1 User Defined Parameters

1. PELDIAM: Fellet diameter, in mm.,

[

LENGTH: Pellet fength, in mm.

3. PARTDIAM: Titanium powder diameter, in microns.

4. THICKNESS: The thickness of oxide originally on the titanium powder.

S. ACTIVEPERCENTAGE: As the pellet heats during the reaction the outside surface can
casily oxidise duc to an abundance of oxygen, the centre is however starved of oxygen and
cannot contribute to the exothermic heat increase of the pellet. This factor, which has to be
derived from experiments, determines what percentage of the pellet will actually
contribute to the exothermic heat increase. It does this by altering the percentage of surface

arca of titanium powder which is said to be active.

1.232 Constants

1. PACKDENS: The packing density of the titanium spheres, is set to 74%, the maximum

packing density for spheres.

1.2.33 Calculations

Standard geometrical calculations are used to determine these parameters.

1. PELDIAM: Converted into PELRAD, the radius of the pellet.

2. PELSURF: The pellet surface arca is calculated.

3. PELVOL: The pellet volume is calculated.

4. PARTDIAM: Converted into PARTRAD, the radius of a titanium powder.

S. TIRAD: The actual radius of titanium in the powder is calculated by taking away the oxide
thickness from the titanium powder radius. This leaves the radius of just the titanium metal

in the powder.
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TIVOL.: The actual volume of titanium in one powder particle.

PARTVOL: The volume ot the powder particle.

PARTNUM: Calculates the number of particles in the pellet.

PARTSURF: The total surface arca of the powder in the pellet is calculated. The value is
linked to the radius of the actual powder, not the radius of the titanium, which is slightly
less than that of the powder due to oxide. This value does not decrease with time, and is
sct as a constant. The model does not take into account the fact that the active surface, i.e.
the surface area at which there is titanium / oxygen contact is less than the powder
diameter or that it will decrease as the oxide thickness builds up. This has not been
addressed as the modcl shows that ignition of titanium occurs at oxide thickness’ below
Sum. As the powder size is in reality greater then 50um the decreased surface area has a
negligible effect on the result.

PELMOLTI: The actual mols of titanium in the pellet. This is related to the TIVOL.
OXMAS: The mass of TiO: formed. Here it is calculated from the initial thickness of

oxide on the powder, and described the initial mass of oxide on the powder.

. MOLTIO2: The mols of TiO; in the pellet. It is calculated from the OXMAS and

PARTSUREF. Itis related here to the original thickness of oxide on the powder.

1.2.4 SETTING THE FURNACE PARAMETERS

The fumnace modelling programme contains a start temperature, a ramp to a holding

temperature, a hold time at the holding temperature and a cooling rate from the holding

temperature to room temperature (20°C). These parameters are user designated. The furnace

model is an ideal model and takes no account for actual furnace temperature lags. Inputted data

is used directly to define the furnace temperature profile. The minimum holding time is 1

timestep.

1.24.1 User Initialised or Defined Parameters

2.

SURTEMP: The fumace temperature. The input is the furnace starting temperature.

PELTEMP: The pellet temperature. The input is the pellet starting temperature.
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HEATRATE: The heating rate of the furnace.

HOLDTEMP: The temperature at which the furnace can be set to hold at. The parameter
has to be entered whether there is a heating rate or not. It tells the programme how hot the
furnace has to get before the HOLDTIME parameter starts to work.

HOLDTIME: The length of time the furnace holds at the HOLDTEMP.

COOLRATE: The cooling rate of the furnace. This parameter is initiated when the
HOLDTIME parameter has been exceeded in the furnace timer sub programme.
TIMESTEP: This determines the time interval at which the programme loops. Each time
the programme loops it carrics out a series of calculations; the main equations determine
the oxide growth, cooling rate, heating rate and temperature increase. For accuracy it is
therefore prudent to usc as small a TIMESTEP a possible. This is governed by the
hardware in use, time available and the graphical package that will be used to plot the
outputted data. In the case of Origin, it can only store a maximum of 30,000 rows of data,
A small timestep and long runlength may well exceed this and require a longer timestep to

complete the model run. Tests have shown that a 1 second timestep is a good compromise

between accuracy and runlength.

1.2.4.2  Parameters Initialised to 0

To aid the user in the understanding of the programme, parameters that are assigned a value

later on in the programme arc initially set to 0. This happens automatically in QBasic, however

it is easier to visualise and track changes if these parameters are set to zero at the beginning of

the programme. Parametcrs initialised are:

HTIMER
HEATINCJ
REACTLOSJ
MOLTIO2
TOTLOS
TOTLOSTI

TICHANGE
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e TIGAIN

e TILOSS

1.2.4.3  Conditional Statement
IF SURTEMP > HOLDTEMP...; this statement compares the initial furnace temperature to the
holding temperature. If the initial temperature is higher than the holding temperature an error is

produced at the computation of NOI, occurring later on in this section. To prevent this the

programme exits.

1.2.4.4 Calculations

1. TEMPSTEP: The temperature rise of the furnace every time step.
2. RUNLENGTH: This parameter defines the number of cycles that the programme will have
to go through to complete the heating, holding and cooling of the furnace. It is only
accurate if the pellet docs not ignite. Once the pellet has ignited the length the programme
continues to run is controlled by the pellet temperature. The parameters NO1, NO2 and
NO3 calculate the time, in seconds, it takes to complete the heating, holding and cooling
steps of the furnace. The set minimum and maximum values for RUNLENGTH are there
to aid the user of the system. Most RUNLENGHT: are below 1200 seconds, however, as
the programme will exit when the furnace temperature reaches room temperature

additional seconds may well be required to model the cooling of the pellet to room

temperature. The maximum is sct to 30000 as this is the largest number of rows (cycles) of

data that the graphical plotting package ‘ORIGIN > can import.

1.2.5 THE PROGRAMME CYCLER

1.2.5.1 The Programme Cycler

FOR I = 1...; = NEXT I; runs the programme written with
TIMESTEP. All values and variables within

in its boundaries. The number of

cycles is determined by the RUNLENGTH and
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the programme cycler are recalculated each cycle of the programme. In this way values are

dynamic and change according to there components.

1.252 Calculated Values

1. MOLTIO2: Recalculated cach cycle by adding MOLTIO2INC, the amount of TiO,
formed in a timestep. to the previous value.

2. PELMOLTI: Recaleulated by negating MOLTIOZ2INC from the previous value.

3. MAXENERGY: The amount of energy available if the titanium oxidises to TiO,.
Determined by the available titanium, PELMOLTI, and the enthalpy of formation of TiO,,

OXENTH.

1.253 GOSUB OXENTHCALC

This sub programme calculates the enthalpy of formation of TiO,, OXENTH, at the pellet
tempcrature, PELTEMP. Kirchoff"s Law is used to calculate this. There is roughly a 1.8% rise

in the OXENTH from 298K to the miclting point of titanium.

1.2.5.4  CALL FURNACE

Determines the heating schedule of the furnace. Returns the correct SURTEMP for the time

period. Keeps a track on the hold time. There is also a parameter to stop the furnace cooling

below room temperaturc.

1.256.5 CALL OXIDATION

Determines the mass of oxide formed in a time step. The programme uses the theory of a
*dummy time' to calculatc the amount of oxide formed. The anisothermal oxidation is said to
be made up of small steps of isothermal oxidation, of time period, TIMESTEP. This sub
programme returns the total mass of oxide, OXMAS and the mass of oxide formed in the
timestep, OXMASINC. The constants used in the oxidation rate equation are only accurate

from 450 - 850°C.
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1.2.5.6 Conditional Statement

IF PELTEMP < TIMELT...; this statement is the condition that determines when the pellet
will ignite. It is said that this will happen at the melting point of titanium. If this occurs then the
programme skips out of the loop and starts to run HOT, if PELTEMP is less than TIMELT the

programme continues in the loop, running WARM.

1.2.6 GOSUB WARM

This sub routine contains the equations that govern the model up to the ignition point. After it

has finished the programme retums to the programme cycler.

1.2.6.1 GOSUB HEATINCREASE

Sub programme to calculate the amount of heat energy formed in a time step.
1. OXIDEMAS: The mass in kg of oxide formed in a timestep is calculated, this is used to
calculate MOLTIO2, the mols of TiO; formed in a timestep.

2. HEATINCJ: The encrgy liberated by the formation of MOLTIO2 mols of TiO,.

1.2.6.2  CALL HEATLOSS

Sub programme to calculate the heat lost by radiative or conductive means.
1. HEATLOSJ: Heat lost from the surface of the pellet by radiative and conductive means.

H, the heat transfer cocflicient and the emissivity are set to 10 and 0.5 respectively.

1.26.3 Calculations

1. TOTALHEATIJ: The total amount of heat energy available after cooling of the sample
2. PELTEMP: The actual pellet temperature, calculated by adding on the TEMPRISE
3. TIMEREAL: The actual time, incremented by TIMESTEP.

4. OXOUT: The oxide thickness on the powder, in microns.
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1.2.6.4 CALL TEMPERATUREINCREASE

A sub programme to change the encrgy gained or lost in the timestep into a temperature

change.

1. TEMPRISE: The temperature change of the pellet in K. Changes in phase are taken into

account.

1.2.6.5 Conditional Statement

IF PELTEMP >= 1155...; takes the latent heat of the o = B titanium transformation into
account during the heating or cooling cycle. If the energy available for absorption by the
transformation is less than the total amount required to transform the titanium then when the
pellet cools below the transformation temperature only the energy that had been absorbed will

be released exothermically.

1.2.7 GOSUB HOT

Once the programme has cntered HOT it stays within it. HOT calculates the adiabatic
temperature of the reaction and then models the cooling of the pellet. Once the pellet is below a

threshold temperature the programme is exited.

1.2.7.1  GOSUB EXPLOSION

Calculates the adiabatic temperature of the reaction. Returns the adiabatic temperature in the

term PELTEMP.

1. CONFAC: A percentage which describes the amount of titanium that will oxidise to form
TiO,. This is included as experiments have shown that the outside surface reacts first,
forming a solid layer and scaling the inner metal from the atmosphere. This has
consequences for the total cnergy liberated, the adiabatic temperature and the cooling
cycle of the pellet.

2. MOL: the total amount of Ti in the pellet.
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3. MOLSOFOXIDE and MOLSOFMETAL: Using the CONFAC percentage the amounts of
oxide and metal, respectively, can be determined.

4. FUSIONTIO2, FUSIONTI and VAPI: The latent heats of fusion or vaporisation of TiO, or
Ti.

5. DH: The amount of exothermic cnergy available to raise the temperature of the pellet

1 ic Temperatur:

This loop programme adds up the cnergy absorbed by the pellet materials as they heat up.
Phase changes and fusion and vaporisation energies are included. When the energy absorbed is

equal to or greater than the available energy the loop finishes. The PELTEMP is then returned.

1.2.7.2  Looping Cycle

The rest of SUB EXPLOSION is contained within a loop which cycles until the pellet
temperature, PELTEMP, is less than 800°K.

1.2.7.3  Sub Programmes

1. CALL FURNACE: Returns the correct SURTEMP.

2. CALL REACTLOSS: Returns the amount of energy lost or gained in the timestep. Returns
REACTLOSJ

3. SUB COOLING: Calculates the heat capacities of the materials in the pellet,

1.2.7.4 Calculations

1. TEMPFALL: The °K temperaturc change of the pellet.

1.2.7.5 Conditional Statements

1. IF PELTEMP < ...: statements which add on the latent heat of transformation or fusion of

the pellet constituents to the cooling model.
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Appendix C: Computer Programme - Ti_Burn

REM ** Filename: Ti_Burn.BAS
This programme was written by Robert A Brown, Ph.D. student at the

REM *+*

REM ** Department of Materials Enc:ineering, Nottingham University, 1998/9.

REM ** The programme models the reiction between pure titanium powder and

REM ** oxygen as the pellet is hected in a furnace. The oxygen supply is

REM ** said to be unlimited. The titanium is said to be spherical and packed

REM ** at a constant density of 7.%, the maximum packing density for spheres.
The point of ignition is said to be the melting temperature of

REM **
REM ** titanium, the oxide formed in all cases is Ti02 (rutile).

REM: References:
REM 1: Thermodynamics of Materials, Kubachewski, 5th Edition 1986
REM 2: CRC Handbook of Chemistry and Physics, 54th Edition. 1973-74
REM ** All Heat Capacity Data is trom Ref: 1 **

DECLARE SUB TEMPERATUREINCREASE (1OTHEATJ!, PELMOLTI!, TEMPRISE!, PELTEMP!,

MOLTIO2!, CPTI!, CPTIO2!)

DECLARE SUB HEATLOSS (HEATLOSJ!, | &LSURF!, PELTEMP!, SURTEMP!, TIMESTEP!)
DECLARE SUB OXIDATION (PELTEMP!, CXMAS!, TIMESTEP!, OXMASINC!, TIMEDUM!)
DECLARE SUB EXPLOSION (FUSIONTI!, TIVAP!, TIVAPHEAT!, TIHEAT!, FUSIONTIO2!,
TIMELT!, TIO2MELT!, MOL!, HEAT!, i LMOLTI!, MOLTIO2!, PELTEMP!, MAXENERGY!,

OXMAS!)

DECLARE SUB REACTLOSS (REACTLOSJ!, PELSURF!, PELTEMP!, SURTEMP!, TIMESTEP!)
DECLARE SUB COOLING (PELTEMP!, MCi[IO2!, CPTIO2!, CPTI!)

DECLARE SUB FURNACE (HTIMER!, HOL.I'[TIME!, SURTEMP!, TIMESTEP!, TEMPSTEP!,
COOLRATE!, HOLDTEMP!)

REM **Printed introduction**

CLS
PRINT * WELCOME TO THl+ 'TITANIUM - AIR'

PRINT "*

PRINT " Nottingham University, 1999"
PRINT "v

PRINT ®"

PRINT "Please follow the instructions:"

PRINT "*

SHS MODELING PROGRAMME. "

REM **Opens up the file for data storage*¥
PRINT "Input a filename for data output."
INPUT FILENAMES

PRINT ""
OPEN "C:\WINDOWS\ORIGIN\QB_DATA\TJ_BURN\" + FILENAMES + ".DAT" FOR OUTPUT AS #1

REM ** Loads Metal and Compact datar*

GOSUB METALDATA
GOSUB COMPACTDATA

REM #«#+* FURNACE PARAMETERS ***** FURNACE PARAMETERS **%#x*

REM **Sets the furnace starting tuaperature and converts it to K+*
PRINT "Input the FURNACE STARTING TEMPERATURE in CELCIUS."

INPUT SURTEMP

PRINT ""

SURTEMP = SURTEMP + 273

REM **Sets the pellet starting temperature and converts it to K+*
PRINT "Input the PELLET STARTING "T:iMPERATURE in CELCIUS."

INPUT PELTEMP

PRINT ""
PELTEMP = PELTEMP + 273

REM ** Sets the heating rate of tl. furnace up to the holding temperature**
PRINT "Input the desired HEATING :ATE to the holding temperature in K/min.*

INPUT HEATRATE

PRINT wn

HEATRATE = HEATRATE / 60

REM **Sets the furnace holding terperature** ‘

PRINT "Input the desired HOLDING " MPERATURE in CELCIUS."
INPUT HOLDTEMP

PRINT "
HOLDTEMP = HOLDTEMP + 273

sy
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REM ** Conditional Statement for tie furnace**

IF SURTEMP > HOLDTEMP THEN

PRINT "Your FURNACE TEMPERATURE i: more than your HOLDING TEMPERATURE."
PRINT "This condition will create in error in the programme."

PRINT "Please start again."

GOTO 10

END IF

REM **Sets the holding time of thr furnace at the holding temperature**
PRINT "Input, in MINUTES, the re.;.:.red HOLDING TIME"

PRINT "for the furnace at the hol...ng temperature."

INPUT HOLDTIME

PRINT "*"

HOLDTIME = HOLDTIME * 60

REM ¢*Sets the cooling time of the furnace from the holding temperature**

PRINT "Input the COOLING RATE in i min."
INPUT COOLRATE

PRINT **

COOLRATE = COOLRATE / 60

PRINT "Input the required TIMESTH+: in seconds."
PRINT "1 second give acceptable a. -uracy."
INPUT TIMESTEP

PRINT "

REM **¢ The TEMPSTEP is the amount of temprise per timestep**
TEMPSTEP « HEATRATE * TIMESTEP

REM **These set the variables to (**
HTIMER = 0

HEATINCJ = 0

REACTLOSJ = 0

MOLTIO2INC = O

TOTLOS = 0

TOTLOSTI = 0

TICHANGE
TIGAIN « 0
TILOSS = 0

L]
[=]

REM **Sets the number of cycles tl.. programme has to run*»*
REM **to complete the heating cyc.o**
IF TEMPSTEP = 0 THEN

NOl = O

ELSE

NO1 « CINT((HOLDTEMP - SU: 'EMP) / TEMPSTEP)

END IF

NO2 = CINT(HOLDTIME)

NO3 « CINT(HOLDTEMP / COOLRATE)

RUNLENGTH = NOl1 + NO2 + NQO3

IF RUNLENGTH < 1200 THEN RUNLENGT: = 1200
IF RUNLENGTH > 30000 THEN RUNLENGT 30000

PRINT *"Approximate programme RUN{.:lIGTH = "; RUNLENGTH / TIMESTEP; "cycles"

RBM'.Q."'."'.Q..Q.'.Q't".tt."tt""ﬁQ“i'**'tt**t***'*ii*t*i*tf*iﬁ*ii**ﬁ***

REM ** The programme cycler**
FOR I = 1 TO RUNLENGTH STEP TIMEGTHP

REM **Total Mols of TiO2 iIn systoer**
MOLTIO2 « MOLTIOZ2 + MOLTIO2INC

REM ** Reduction in mols of Ti av.:iable due to oxidation of Ti**
PELMOLTI = PELMOLTI - MOLTIOZ2INC

REM**Calculates OXENTH at this Pii 'EMP
GOSUB OXENTHCALC

REM ** Calculation for MAXENERGY . system in J**

REM ** related to PELMOLTI, which Jdecreases with oxidation**
REM ** and OXENTH which changes w:th PELTEMP

MAXENERGY = PELMOLTI * OXENTH

CALL FURNACE (HTIMER, HOLDTIME, SUYTEMP, TIMESTEP, TEMPSTEP, COOLRATE, HOLDTEMP)

CALL OXIDATION (PELTEMP, OXMAS, TIM' STEP, OXMASINC, TIMEDUM)
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IF PELTEMP < TIMELT THEN

REM *¢TIMELT defines the 1 -int where thex**
REM ** ccmbustion reacti.: starts*»
GOSUB WARM
ELSE
GOSUB HOT
END IF
NEXT I

10 PRINT "
PRINT "The programwme has finished. "

PRINT "Data stored in file: "; F.[ .NAMES

PRINT "Timestep ~ "; TIMESTEP; "¢ 'onds."

PRINT *"Pellet Length "; LENGTH * [ 00; "mm. Pellet Diameter "; PELDIAM;
—

PRINT "Titanium Powder Diameter :": PARTDIAM; "microns."

CLOSE #1

END

REM.".."."'."."‘.."..""." IR AR R AR SRR RS R SRR R RS2 2222 22X R R 23

REM ** This calculates the heatii: and cooling of the*+
REM ** pellet if there is no comi:.:tion**
WARM :

GOSUB HEATINCREASE
CALL HEATLOSS (HEATLOSJ, PELSURF, ::LTEMP, SURTEMP, TIMESTEP)

TOTHEATJ = HEATINCJ - HEATLOSJ

CALL TEMPERATUREINCREASE (TOTHEAT. . PELMOLTI, TEMPRISE, PELTEMP, MOLTIO2, CPTI,
CPTIO2)

REM** This statemcnt applys the alrha to beta transition energy to the system
REM**3920 is the ecnergy of trans::ion in J/mol from alpha to beta in Ti.
REM** It is only accurate when PL!TEMP is below SURTEMP

REM ** If PELTEMP is above SURTEMi the heat of fusion is likely to be

REM ** numerous times.

LATI =« 3920 * PELMOLTI

IF PELTEMP > 1155 AND TOTHEATJ > ( THEN
TIGAIN = TIGAIN + TOTHEAT
IF TIGAIN > LATI THEN TIG:IN = LATI
IF TIGAIN < LATI THEN TEMIRISE = 0
TIMARK = 1
ELSEIF TIMARK « 1 AND PELTEMP < 1“5 AND TOTHEATJ < 0 THEN
TILOSS = TILOSS - TOTHEAT.
IF TILOSS > LATI THEN TIlC5S = TIGAIN
IF TILOSS < TIGAIN THEN 7i:PRISE = 0
END IF

PELTEMP « PELTEMP « TEMPRISE

TIMEREAL = TIMEREAL + TIMESTEP

REM **Writes data to file, real t:me, furnace temp, pellet temp, oxide
thickness**

OXOUT = (OXMAS / OXDENS)

WRITE #1, TIMEREAL, SURTEMP, PEL":MP, OXOUT
RETURN

REM'Qttottntﬂconnet..to-tt'.-t-:.- MAASEAEAAR SR SE SRS EE R R 222 RS2 RS R Y 2

REM **Calculates the adiabatic tern of combustion and+*#*
REM **cooling of the pellet after ‘-ombustion+**
HOT :

CALL EXPLOSION(FUSIONTI, TIVAP, TI!VAPHEAT, TIHEAT, FUSIONTIO2, TIMELT,
TIO2MELT, MOL, TIO2HEAT, PELMOLT:i, MOLTIO2, PELTEMP, MAXENERGY, OXMAS)
TIMEREAL = TIMEREAL + TIMESTEP

WRITE #1, TIMEREAL, SURTEMP, PEL7TH+MP, PARTRAD

DO WHILE PELTEMP > 800
CALL FURNACE (HTIMER, HOLDTIME, SULTEMP, TIMESTEP, TEMPSTEP, COOLRATE, HOLDTEMP)
CALL REACTLOSS (REACTLOSJ, PELSURH, PELTEMP, SURTEMP, TIMESTEP)

CALL COOLING (PELTEMP, MOLTIO2, CI'Ui02, CPTI)
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TEMPFALL = REACTLUSJI / (WCPTI * i!  MOLTI) + (CPTIO2 * MOLTIO2))

REM** Conditional Statements tha' pply the latent heat of fusion of
REM** TiO2 and T: to the cooling - -del

),

IF PELTEMP < TIQIMELT AND TEMPFA!! ~ 0 THEN
TOTLOS = TOTLOS + REACTL. .

IF TOTLOS < FUSICNTIO2 Tiii:i TEMPFALL = 0
END IF
IF PELTEMP < TIMELT AND TEMPFALL - 0 THEN
TOTLOSTI = TOTLOSTI + RE: "I'LLOSJ
IF TOTLCSTI « FUSICONTI T:!°! TEMPFALL = 0
END IF
REM**3920 is the caergy c! trans.  on from alpha to beta in Ti.

LATI = 3920 * PELMOLTI

IF PELTEMP «< 1155 AND TEMFFALL > . THEN
TICHANGE = TICHANGE + REA.T...0SJ
IF TICHANGH <« LATI THEN Ti» 'FALL = 0
END IF

PELTEMP = PELTEMP - TEMPFALL

TIMEREAL =« TIMEREAL + TIMESTEP

REM **Writes data to file, real t:e, furnace temp, pellet temp, oxide
thickness**

OXOUT » (OXMAS / OXDENS)

WRITE #1, TIMEREAIL, SURTEMP, PELT! P, OXOUT, TICHANGE, REACTLOSJ, LATI
LOOP

GOTO 10
RETURN

REM® # A0 ¢ 0 0 a0t aate et @t tmbeadhddns s ot kN kAN AR AN I AN A A kAR RN ke ®hk

REM **DATA FOR TITANIUM AND TITAN: 'M OXIDE**
METALDATA:

REM: References:
REM 1: Thermodynamics of Mater:...!s, Kubachesqu, Sth Edition 1980 ish
REM 2: CRC Handbook of Chemistry and Physics, 54th Edition. 1973-74

REM **Densities of Ti and TiO2 in :9 m”-3. Both ref:2 *»
TIDENS = 4510
OXDENS = 4260

REM **Molar masses in kg mol”-1. i :th ref:2 w»
TIMOLMAS = .0479
OXMOLMAS « .0799

REM **Melting or vapourisation pc:nt of Ti and TiO2 in K

TIMELT = 1943 ‘ref:1
TIVAP = 3550 ‘ref: 2
TIO2MELT = 2133 ‘ref:1
REM *+* Latent heat of fusion for " . and TiO2 written in J / mol*+

REM ** All ref:2
TIHEAT « 20928
TIVAPHEAT » 422736
TIO2HEAT = 66968

RETURN

REM.'Q.'."".....'.'...."'t*it‘ * "iﬁitt.tti****i*itt****it***'*i****t*iﬁ*ﬁ*t

REM **INPUT DATA ON THE PELLET Cul"DACT*w
COMPACTDATA :

PI = 3.1415926#
PRINT "Input the PELLET DIAMETER .. mm."
INPUT PELDIAM

PRINT "
PELRAD = PELDIAM / 2000
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PRINT "Input the FELLET LINGTH 1:
INPUT LENGTH
PRINT "™

LENGTH = LENGTH , 1000

REM **pPellet surface area**
PELSURF = (2 * PI ¢ PELRAD *

REM **Pellet volume**
PELVOL « PI ¢ PELRAD ® PELRAD * [

REM *+* DPARTDIAM :in meters+*
PRINT "Input the POWDER DIAMETER
INPUT PARTDIAM

PRINT ""

PARTRAD = PARTDIAM / 2000000

REM **Input of initial oxide thic~
PRINT "Input the INITIAL OXIDE T
INPUT THICKNESS

PRINT ™"

REM**Input of ACTIVEPERCENTAGE,

REM**of powder oxidised to produ-
REM*+*related to the situation th.:
REM**outside surface is actively .

REM* *unoxidised and thus produce:

PRINT "Input your ACTIVEPERCENTA
PRINT *“titanium exothermically o
INPUT ACTIVEPERCENTAGE

PRINT "*"

ACTIVEPERCENTAGE = ACTIVEPERCENT . .

REM **Calculates actual titanium
TIRAD = PARTRAD - (THICKNESS / 1.

REM *+Calculates actual titanium ;
TIVOL = (4 * PI * (TIRAD " 3) / :

REM **Volume of particle of ‘'par.:
PARTVOL = (4 * PI ¢ (PARTRAD * 3!
0.74

REM **Packing density, (74%"

PACKDENS =« .74

REM** Number of particles
PARTNUM =« PELVOL * PACKDENS / PAR.

REM ** Total surface area of pow.!

PARTSURF « 4 * PI ¢ (PARTRAD * 2°
REM *¢ Mols of actual Ti in the p

PELMOLTI = (PARTNUM * TIVOL * TI!:

REM **Oxmas in kg/m*2++
OXMAS (THICKNESS / 1000000)

- * (

REM **MOLTIO2 in mol**

MOLTIO2 = (OXMAS / OXMOLMAS) * FPnib

RETURN

REM.."'."".'.."..."'t.tt'.'t .

REM *+*Heat produced in a time ste;
HEATINCREASE:

REM *+*OXIDEMAS is now in kg**
OXIDEMAS « OXMASINC * (PARTSURF *

REM #*HEATINCREASE in J**

HEATINCJ = OXIDEMAS * OXENTH / ONM

REM **mol of Ti02 produced in a t
MOLTIO2INC = OXIDEMAS / OXMOLMAS

RETURN

LEN.".

of pow.

NS

o

%) + (2 * PI * PELRAD * PELRAD)

WGTH

.11 microns."

1SS on particle**
‘*'NESS on the powder in microns."

factor which determines the amount**
hiecat, this is a factor which ig *»
occurs in pellets in which only the*+
xidised during heating, the inside remains**
a factor relating to the amount of"
iised during heating."

/ 100

owder diameter*»
*000)

wder volume*w
Wd' diameter**
4+ 3)

18 the max for sphereg**

'r in pellet*«

oL

in pellet**
* PARTNUM

lletxs
/ TIMOLMAS

~IENS

"SURF

WAL AR RS AR A AR A AR R R R Y R R R R T ]

. n

ACTIVEPERCENTAGE)

LMAS

testepww
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REM#*eseecencssnsessccsocnttarnrrtsntnnss

REM ** This sub routine calculat:.:
OXENTHCALC:

REM** The calculation takes the

REM** = intergra! of Heat Capac:’
REM** EQ1l) int:PELTBMP/115%5 Cp (!
REM+** EQ2) int:PELTEMP/29%8 Cp (C
REM** EQ3) Transformation Energy .:
REM*¢ EQ4) int:1155/298 Cp (alph.
REMe*+* EQS) Heat of Forma::on of
REM#** EQ6) int:2938/PELTEMP Cp (T:

REM** Total Equat:on = EQ1+EQ2+E.-
PELTEMP

REM+** EQ1, EQ2, EJ4A and EQ6 are -
constant .
REM*+* All figures in J

REM**Constantgetsessestarsastanisc.
EQ3 = 3976 ‘vef:2

. ({10 / =
({10

298) +
1155%5)
EQ4.298

EQ4.298 = (22.1
EQ4.1155 = (22.1
EQ4B = EQ4.1155

. .

EQ5 « -912439 ‘ref:2

REM** Variablegtecteveerantennenns.
EQ1.1155 = (19.8 * 1155} ((7.9%
EQ1.PELTEMP = (19.8 * PELTEMP)

EQ1 = EQ1.PELTEMP - EQ1.115S

+

+

.PELTEMP = (29.97 * PELTEMP) -
/ PELTEMP’
(29.97 * 298) + ({4.18:

EQ2.298

EQ2
100000)
EQ2.298 =
EQ2 « EQ2.PELTEMP -
EQ4.298 « (22.1 * 298) + ((10 / =
EQ4 .PELTEMP = (22.1 * PELTEMP)
EQ4A =« EQ4.PELTEMP - EQ4.298

+

EQ6.PELTEMP = (75.21 * PELTEMP) -
10000} / PELTEMP)
EQ6.298 = (75.21 * 298) + ((1.17

EQ6 = EQ6.298 EQé6 . PELTEMP

REMttsstasassatcsconnetaneantrnnss

REM** Pinal Equations in J/mol
OXENTHEQ « BEQ2 + EQ4A + EQ5 + EQu
OXENTHEQ1l = BQl + EQ2 + EQ3 + EQui
REM**Conditional Statements to O
IF PELTEMP >= 1155 THEN OXENTHEQ
OXENTH = -OXENTHEQ

RETURN

SUB COOLING (PELTEMP, TIO2MELT, i
«*CP for solid Ti,
- 24.94

-« 6.57 / 1000
-1.63 * 100000

= 1.34 / 1000000

REM
ATI1
BTI
CTI
DT1

REM **Titanium changes from hex t:
ATII « 30.84

BTII =« -8.87 / 1000

CTI1 = 0 * 100000

DTII « 6.44 / 1000000

= ATI!
= BTI!
CTlL1I

IF PELTEMP > 1155 THEN ATI
IF PELTEMP > 1155 THEN BTI
IF PELTEMP > 1155 THEN CTI

in J K*-1 v

IR AR R A AR AR R RS R AR RS RS2l 222 X222 2]

the Heat of Formation of TiO2 at PELTEMP

sm:  int:PELTEMP/298 Cp X

of X between PELTEMP and 298
©aTi)

alpha to beta titanium
")
2@

iy
by

298K

«EQ4+EQS Heat of Formation of TiO2 at

iriable with PELTEMP. EQ3, EQ4B and EQ5 are

IR E SRR R SRR EREREREEERRE X 2]

A

1J) * 298
2000) * 1155

2)

2)

PR AR AR AR R R R RN AR Rk k AR
' 2000) * 1155 * 2)
.7.95 / 2000) * PELTEMP

A

2)

.(4.186 / 2000)

* PELTEMP * 2) - ((-1.67 *

A

2000) * 298 © 2) - ((-1.67 * 100000) / 298)
20) * 298 * 2)
{10 / 2000) * PELTEMP * 2)

((1.17 / 2000) * PELTEMP * 2)

((-18.2 =

-

2000) * 298 2)

((-18.2 * 10000) / 298)

LR A A AR RS R SRS RERRER S EREE RS

+ EQ5 + EQ6

inise the Equation
OXENTHEQ1

{102, CPTI)

1%-1%+

bcc at 1155K, in J*=*
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IF PELTEMP > 115% THEN DTI - DTIi!

aat

REMe** Cp for ligu:d titan:ium.

ium Melts at 1943K. In J

A

ATII1 = 32 .65

BTIII = O

CTIII « O

DTIII = O

IF PELTEMP »>= 1943 THEN ATI = AT! .
IF PELTEMP »>= 1943 THEN BTI = BT !
IF PELTEMP >« 1943 THEN CTI = CT! ..
IF PELTEMP >e 1943 THEN 71 = D7D
CPTI « ATI + (BTI ¢ PELTEMP) + (.01

REMQ'..'QQ.'!..Qn..tt'.tt'-..-----

-

REM **CP for sol:d TiO2 1 J K-
Al = 73.35

Bl « 3.05 / 100¢

Cl = -17.03 * 1CC.00

Dl = 0

REM **CP for TiOI LIQUID in J K©
A2 = 89.57

B2 = 0

C2 = 0

D2 =« 0

REM **This changes the CPs depen.i.
IF PELTEMP <« TIOIZMELT THEN A2 = /.
IF PELTMEP < TIOXZMELT THEN B2 = i
IF PELTMEP <« TIOIMELT THEN C2 = ..
IF PELTEMP <« TIOUMELT THEN D2 =
CPTIO2 = A2 + (B2 * PELTEMP) + (..
END SUB

SUB EXPLOSION (FUSIONTI, TIVAP,

TIO2MELT, MOL, TIO2HEAT, PELMOLT!,
PRINT ""
PRINT * *#+ The pel!
PRINT "
PRINT " Please input a CONVERSICON

PRINT " what percentage of the po’
INPUT CONFAC
CONFAC = CONFAC / 100

REM** Calculation of total mols
MOL = PELMOLTI « MOLTIO2

REM**This section assigns the per.
MOLSOFOXIDE « PELMOLTI * CONFAC
MOLSOFMETAL = PELMOLTI * (1 co

M
i

REM ** FUSIONTIOZ is the latent I
REM ** FUSIONTI is the latent he.
REM ** VAPTI is the vapourisation
FUSIONTIO2 = ({MOLSOFOXIDE + MOL:
FUSIONTI (MOLSOFMETAL * TIHEAT:
VAPTI = (MOLSOFMETAL * TIVAPHEAT:

REM **Calculation of actual ener«.
REM **the amount of Titanium metal!l
DH (MAXENERGY * CONFAC) FUSIc

REM **Temperature step is temper.
REM *+*It is set to 1 for good ac.:
DT = 1

REM **Energy absorbed**
BABSORB = 0

REM *e*Starting temperature = TIMi U

T IVAPHEAT, TIHEAT,

/ PELTEMP 2) + (DTI * PELTEMP * 2)

AR A AAARERAREERE SRR 2RSSR )

n0lT 1w

mol”™-1%*

g on the temperature**

/ PELTEMP “ 2) + (D2 * PELTEMP * 2)

FUSIONTIO2, TIMELT,

MOLTIO2, PELTEMP, MAXENERGY, OXMAS)

ot has combusted **#»

FACTOR. This determines";
‘et will react. Input 0 to 100%"

system**

ontage of metal that oxidiseg**
AC)

it of fusion of TiO2 in J.
of fusion of Ti in J.

-nergy of the titanium that remains as metal.
2) * TIO2HEAT)

of system minus the heat of fusion for
left unoxidised
'L

ire step of the programme*w
racyws

* %
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T =« TIMELT
DO WHILE EABSORB . DH
Tl = T + DT

REM *+CP for laigu:d T1, :nn J K
TIA3 = 32.65

TIB3 = 0 /
TIC3 = 0
TID3 = 0

* 100000
/ 1000CCe

MOLSOFMETAL
MOLSOFMETAL
MOLSOFMETAL

TIA = TIA3 *
TIB = TIB3 *
TIC « TIC3 *

TID = TID3 * MOLSOFMETAL

REM**CP for TiO2 SOLID in J K"-1
TIO2A1 = 73.35

TIO2B1 = 3.05 / 1500

TIO2C1 = -17.03 * 100000

TIO2D1 = O

REM **CP for TiOZ LIQUID in J K©
TIO2A2 = 89.57

TIO2B2 = 0

TIO2C2 = 0

TIO2D2 = 0

IF T > TIO2MELT THEN TIO2Al = TIC.:
IF T > TIO2MELT THEN TI1O2Bl = TI..:
IF T > TIO2MELT THEN TI1Q2C1 = TI.
IF T » TIO2MELT THEN TIO2D’1 = TI..
TIO2A = TIO2A1 * (MOLSOFCNIDE +
TIO2B = T]O2B1 * (MOLSOFCXIDE +
TIO2C = TIO2C1 * (MOLSOFOXIDE +
T102D = TIO2D1 * (MOLSOFOXIDE +

REM **Energy Absorbed in Tempstep

CP = (TIO2A + TIA) + ((TIO2B + TIh
+ TID) * T *T)
CP1 = (TIO2A + TIA) «+ ((TIOZ2B + 7
((T102D + TID) * T1 * T1)
IF CINT(T) = TIO2MELT THil
EABSORB = EABSORB + (({C¥F
ELSE
EABSORB = EABSORB + (((CV
END IF
IF CINT(T) = TIVAP THEN
EABSORB = EABSORB + (((C¥
ELSE
EABSORB = EABSORB + (({(Cl’
END IF
T =T1
LOOP

PRINT "The calculated adiabatic t:nperature is =";

PRINT "*"

REM ** Explosive Peltemp**
PELTEMP = T

MOLTIO2 = MOLSOFOXIDE + MOLTIOZ2
REM ** In reality there is still

REM ** for oxidation is in effect
PELMOLTI = MOLSOFMETAL
END SUB

SUB FURNACE (HTIMER, HOLDTIME,

REM **Determines what the heatin:

IF HTIMER >= HOLDTIME THEN
SURTEMP = SURTEMP - (COC:
ELSEIF SURTEMP < HOLDTEMP THEN

017 -1xn

1R 1w

mol®-1%+

ISESEY]

¢ LTI02)

' TI02)
1 T102)
LTI02)

..

o T) o+

L3y * T1) o+

/ 2) * DT)

/ 2) * DT)
+ CP1) / 2) *

+ CP1) DT)

((TIO2C + TIC)

(T - 273);

/ (T * T)) + ((TIO2D

((TI02C + TIC) / (T1 * T1)) +

+ FUSIONTIO2

DT) + VAPTI

udeg.cu

. >me metal unoxidised (PELMOLTI = MOLSOFMETAL)
REM ** however, due to it being :: i1led off within the pellet and not in
REM ** powder form ( due to liqui!ying) the amount of titanium avaliable

J.

iichedule should be**

~ATE * TIMESTEP)

Si+ 'EMP, TIMESTEP, TEMPSTEP, COOLRATE, HOLDTEMP)
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SURTEMP = SURTEMP « TEMI P

ELSE
SURTEMP ~ HOLDTEMP
REMe** Holding temp timer**
HTIMER = KTIMER « TIMEST:.
END IF

REM *eStops the furnace temp goi: : below room temperature*+
IF SURTEMP <« 293 THEN
SURTEMP = 293

END IF
END SUB
SUB HEATLOSS (HEATLOSJ, PELSURF, : .LTEMP, SURTEMP, TIMESTEP)
REM e**Heat transfer coeff, H ind :-ndant of T at the moment**
REM **HEATLOSJ i1n J**
REM ** Emivisity = 0.5 and STEFAl. ~OLTZMANN CONSTANT = 5.67*(10"-8)
H =10
STEF e 5.67 * (10 ~ -8)
ESP = .5
HEATLOSJ = ((H * (PELTEMP - SURT:#P’)) + ({(STEF * ESP) * (PELTEMP “ 4 - SURTEMP
“ 4))) ¢ PELSURF * TIMESTEP
END SUB
SUB OXIDATION (PELTEMP, OXMAS, 7T !-iSTEP, OXMASINC, TIMEDUM)

REM *e*Constants for the expressi. .. **

REM OXMAS has units of kg m”"-2

REM m*2 « k * time

REM k « C exp (-Q/ RT)

REM C in units of kg2 m"-4 s”-1  uultiply by 100 from g*2 cm”-4 s*-1)
REM Q and R both in cal

REM ** Temp range, C, Q, type

REM *+* §50-850, 0.16 g*2 cm”-4 " -1, 45000 cal, parabolic
C = .16 * 100

Q = 45000

R = 1.986

REM **Expression for calculating 'ie oxidation of titanium**
REM **w.r.t temperature*?*
k = C * EXP((-Q) / (R * PELTEMP)'

REM **Calculation of dummy time**

REM **OXMAS and OXMASINC are in b :'m"2%»

TIMEDUM = (OXMAS " 2) / k

OXMASINC « (k * .%) * (((TIMEDUM . TIMESTEP) " .5) - (TIMEDUM " .5))
OXMAS « (k * .5) * ((TIMEDUM + T:“:STEP) * .5)

END SUB

SUB REACTLOSS (REACTLOSJ, PELSUR!I, PELTEMP, SURTEMP, TIMESTEP)

REM** These are the heatloss con:' ints for the reacted pellet**

H « 10

STEF = 5.67 * (10 " -8)

ESP = .9

REACTLOSJ = ((H * (PELTEMP - SURU:MP)) + ((STEF * ESP) * (PELTEMP * 4 - SURTEMP
“ 4))) * PELSURF * TIMESTEP

END SUB

SUB TEMPERATUREINCREASE (TOTHEAT. . PELMOLTI, TEMPRISE, PELTEMP, MOLTIO2, CPTI,
CPTIO2)

REM *¢CP for solid Ti, in J K"-1 - »1%-1%»

ATI = 24.94

BTI = 6.57 / 1000

CTI = -1.63 * 100000

DTI » 1.34 / 1000000

REM **Titanium changes from hex t.. bcc at 1155K**
ATI1 « 30.84

BTII - -8.87 / 1000

CTII = 0 * 100000
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DTII = 6.44 / 1000000

IF PELTEMP
IF PELTEMP
IF PELTEMP
IF PELTEMP

CPTI = ATI

VvV V Vv v

+

1155
1155
1155
1155

(BTI

THEN ATI =
THEN BTI =
THEN CTI =
THEN DTI =

* PELTEMP)

REM *+CP for solid TiO2 in J

ATIO2 = 73.35

BTIO2 = 3.05 / 1000
CTIO2 = -17.03 *

DTIO2 = 0

CPTIO2 = ATIO2 +

2)

100000

ATl
BTI1:
CTI:
DTI!

+ (CU'I / PELTEMP

K*-:

(BTIO2 * PELTEM!

molt-1%*

+ (CTIO2 / PELTEMP

A

2) +

(DTI * PELTEMP * 2)

A

REM **TEMPRISE is the increase in pellet temp with PELTEMP**

TEMPRISE = TOTHEATJ /

END SUB

((CPTI * PLIMOLTI) +

(CPTIO2 * MOLTIO2))

2) + (DTIO2 * PELTEMP *
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Appendix D: Computer Programme - Powder

'PROGRAMME TO FIND THE MASS AND THICKNESS OF OXIDE REQUIRED TO
'HEAT A POWDER OF D DIAMETER TO THE MELTING POINT OF TI (1943K)
'FROM 500 deg C, THE MINIMUM TEMP FOR REACTION

CLS

'SPECIFIC HEAT OF TI IN J kg~-1 K~-1

'TEMP RAISE FROM 500C TO MELTING POINT TO 1670 = 1170C
‘cp = 523

SH = 611910

'DENSITY OF TITANIUM 4510KG
DT = 4510

'MOLAR MASS OF TI
MMTI = 47.9

'DENSITY OF TIOZ IN kg / M3
DOX = 4260

PI = 3.14159264

PRINT “"INPUT POWDER DIAMETER IN MICRONS"
INPUT DIAM
RAD = DIAM / 2000000

'VOLUME OF POWER IN M*3
V=1(4*PI * (RAD "~ 3) / 3)
'MASS OF PARTICLE IN KG
MASS = DT * V

MOLSOFTI « MASS * 1000 * MMTI
'ENERGY REQUIRED TO HEAT PARTICLE
TIENERGY = MASS * SH

PRINT " DO THIS IN AIR OF FE203?, ENTER 1 FOR AIR, 2 FOR FE203"
INPUT ATMOSPH
IF ATMOSPH = 1 THEN TRANSENERGY = 945085.9 ELSE TRANSENERGY = 397343.5

'MOLS OF OXIDE REQUIRED TO MELT TI

AMOUNT = TIENERGY / TRANSENERGY

MOLSTIO2REQUIRED = AMOUNT

TIO2MASS = (MOLSTIOZREQUIRED * 79.9) / 1000 ' TO PUT IN KG
TIO2VOL = TIO2MASS / DOX

PRINT "POWDER RADIUS "; RAD
PRINT "VOLUME OF POWDER"; V

PRINT "MASS OF POWDER"; MASS

PRINT "ENERGY REQUIRED TO MELT PARTICLE"; TIENERGY

PRINT "MOLS OF OXIDE REQUIRED TO MELT PARTICLE"; MOLSTIO2REQUIRED
PRINT "MASS OF TIO2 REQUIRED TO MELT PARTICLE "; TIO2MASS

PRINT "VOLUME OF TIO2 REQUIRED TO MELT PARTICLE"; TIO2VOL

*IF THE MASS OF TIO2 FORMED IS TIO2MASS THEN TO CALCULATE THE THICKNESS
‘OF THE OXIDE LAYER ON A DIAM BIG PARTICLE

THICK = .01 / 1000000

COUNT = 0

DO

TIO2V = (4 * PI * (RAD - THICK) ~ 3) / 3
SPAREVOLUME = V - TIO2V

THICK = THICK + (.01 / 1000000)

COUNT = COUNT + 1

LOOP UNTIL SPAREVOLUME >= TIO2VOL

PRINT "COUNT™; COUNT

PRINT "THICKNESS ="; THICK * 1000000; "IN MICRONS"
PRINT "SPAREVOLUME"; SPAREVOLUME

PRINT *TIO2V"; TIO2V

PRINT "v*; V
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