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ABSTRACT

Ti-Mg alloy has desirable mechanical and other prvps but is difficult to form by
conventional ingot metallurgy. This work reportg ttesults of a hydrometallurgical
investigation on the recovery of Ti-Mg alloy powdesynthesized from
mechanochemical processing (MCP) of 7TiQuith Mg (15 wt.% beyond
stoichiometric). The MCP synthesized alloy powdemtrinsically mixed with MgO
and other oxides of Ti. The objective was thudrd & leachant that can leach out the
by-products of the MCP process. Different inorgaard organic acid media, and

their combinations, were used to try and recovaura isolated Ti-Mg powder.

For comparison purposes, the dissolution of indigldparticulate polycrystalline
MgO and TiQ, and Ti-20Mg (obtained from milling blended elert@npowders)
was also investigated. The study indicated thaarsgion with inorganic acids (HCI,
H.SO,, and aqua regia) was not possible since as hig0%s of the milled Ti-Mg
alloy powder was dissolving, yet the target Filas still undissolved under the same
conditions. Recovery of Ti-Mg powder was not ackwith organic acids as well
because MgO and TiOshowed marked resistance to dissolution and hemcgd
contaminate the alloy powder. There was drastidisselution of MCP Ti@Mg in

combined HCl/organic acids while the Tif@sisted dissolution.
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Background and Motivation

CHAPTER 1

1.1Background and Motivation

Titanium metal is the fourth most abundant struatunetal in the earth’s crust,
making up about 0.57 wt. %, and it is the ninth nadmindant element (Sibum, 2003).
Titanium and its alloys have been used in many iegipbdns particularly in the
aerospace industry, because of their high strefgéhd strengths range from 172
MPa for commercially pure [CP] titanium to aboveBQ3VIPa for heat treated beta
alloys), low density (between4.43 gftrand 4.85 g/cri), high strength-to-density
ratio, and good corrosion resistance (Takeda, 206gens et al, 2003). Titanium
primarily occurs as the minerals rutile (B)O ilmenite (FeTiQ) and sphene
(CaTiSiG). Even though it is the ninth most abundant eldnerihe earth’s crust
(Sibum, 2003), the global production tonnage ofattiettitanium was only 1.0xT0
tonnes in 2005, which was substantially lower tteat of the common metals such as

iron (Fe: 1.1x1Btonnes in 2005) (Matsuoka, 2003).

Widespread titanium usage is prevented by its prgluction cost. The elevated cost
is due to the current Kroll Process for refinintatium ore to titanium metal; the
process is a labour intensive, multi-step, highpgerature batch process with low
productivity. Consequently, a new titanium prodactprocess with low cost and high
productivity is required (Takeda et al, 2006). $#8dare being conducted on direct
reduction of rutile by more reactive metal redutdaduring mechanochemical
processing (MCP). Direct reduction has the advanthgt, apart from resulting in the
formation of Ti alloys, it avoids the many experssteps encountered in the Kroll
process (Poulsen et al, 1983). Cheaper productidnroetal aside, there is a need for

lighter titanium alloys, especially to improve aatt efficiency. It is recognized that a
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density reduction is more effective in reducingcedft weight than an increase in
alloy strength (Wilkes et al, 1996). Density redioictcan be attained by alloying Ti
with lighter elements, e.g. Mg. Under equilibriwonditions, the solid solubility of

magnesium in titanium is about 0.7 at.% at 890°@ emich less (about 0.2 at.%) at

500°C (Wilson et al, 2001), which is significankbw.

1.2 MCP ‘far from equilibrium’ process for Ti-Mg al loy synthesis

The production of Ti-Mg alloys has its difficultieSor instance, conventional casting
methods cannot achieve complete mixing of Ti andldgause the boiling point of
Mg (1090°C) lies well below the melting point of [1668°C). Also, conventional

casting, along with other processes like rapiddgfatation, and vapour quenching
(Zhou et al, 1995) would require pure Ti made by ¢lxpensive Kroll process, which

is a distinct disadvantage due to the cost of tral Ki.

The challenges of producing Ti-Mg alloys by convemal methods have resulted in
research into novel, far from equilibrium, processé manufacturing Ti-Mg alloys.
One such process is mechanochemical processing XM®P technology is a novel,
solid-state process for the manufacture of metaldeos, including metal alloy
powders by ambient temperature reduction of a rbtkianetal compound by a
reactive metal or metal hydride. Mg metal as a c&ht is generating a lot of interest.
Apart from producing Ti-Mg alloys when Mg is usead nore than stoichiometric
quantities (Poulsen et al, 1983), the element Mg ddensity (1.74g cfi) which is
lower than that of titanium (density 4.5g @m Accordingly, Ti-Mg alloys will
exhibit appreciable density reductions comparecelemmental Ti. Indeed, a 15%

reduction in density has been reported for a T4 Mg (Sun et al, 2002). Such a



Background and Motivation

density reduction could make Ti—Mg alloys attraetias replacements for present
titanium alloys in applications like the aerospawgustry where weight savings are
important.

The MCP process is distinguished from competindinetogies by the solid-state
nature of the process that enables the formatiorgoiaxed nanoparticles, with a
narrow size distribution and low levels of aggloatem (Mckormick et al, 1998).
The large departure from equilibrium possible in Rdeads to the attributes
including extension of solubility levels of Mg ini.Tit also enables initiation of
chemical reactions at much lower temperatures these at which they would occur
normally, leading to energy savings. In additianisia process that can be easily

scaled up to commercial production (Koch, 1993).

The present research is focussed on separatinggTalMdy powder synthesized from
direct reduction of TiQwith Mg, using hydrometallurgical means. The Ti-lMipy
powder was formed through reduction of 7iBy 15wt.% excess magnesium via
mechanochemical processing (MCP). The other byymtsdof the MCP process are
MgO, unreacted Mg, unreacted gi@nd incompletely reduced titanium oxides of the
type TiOy which require separation from the Ti-Mg alloy pexdThe Ti-Mg alloy
was synthesized by the CSIR and the process igtiotscted by CSIR copyright; the
role of this research was to focus on cleaninghef alloy rather than the alloy
synthesis. It is hoped that once a cost effectamehliciation process is designed then

titanium applications will become widespread.
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1.3 Possible applications of Ti-Mg alloys
Possible Ti-Mg applications, by virtue of their lemwdensities and specific strengths

(Sun et al, 2002), are given below:

1.3.1 Biomedical applications

The reason for the extended use of titanium anglitg/s as implant biomaterials
stems from their lower elastic modulus, their sigrdsiocompatibility and improved
corrosion resistance compared to the more convaltistainless steel and cobalt-
based alloys (Nicula et al, 2007). Nanostructuiieghium-based biomaterials with
tailored porosity are important for cell-adhesigmbility, differentiation and growth.
Newer technologies like foaming or low-density cprecessing were recently used
for the surface modification of titanium alloy inapit bodies to stimulate bone in-
growth and improve osseointegration and cell-adimgsivhich in turn play a key role
in the acceptance of the implants (Nicula et alp7J0 Examples of common
biomedical devices include substitute heart vaklwed artificial hearts, artificial hip
and knee joints, dental implants, internal as asglexternal fracture fixators, and skin
repair templates. It is envisaged that Ti-Mg alloyidl reduce the masses of these

devices.

1.3.2 Aerospace applications

The use of Ti in the aerospace industry is amorgroteasons due to its lower
density. As already noted in the Section 1.1, inapdoaircraft efficiency requires still
lighter alloys and it is hoped that the introductiof Mg in Ti will produce novel

alloys with a lower density and therefore that sua&able for making components in

the aircraft industry (Wilson, 2001).
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1.4Problem Statement

Ti-Mg alloy powder has been produced by a mechamwoatal process (MCP)
through direct reduction of TikZMg. The MCP technique, however, also produces
MgO, unreacted Tig) Mg and type TiQ.coxides. It is required that the Ti-Mg alloy
powder be isolated from the by-products of the ME&tess by a hydrometallurgical
process; in this context the Ti-Mg alloy is presatwhile the by-products are leached
out.

Various possible TigTiO leaching media have been investigated inclgidimphuric
acid (Chun et al, 2007; Sole, 1999), hydrochlodil §Chun et al, 2007; Imahashi et
al, 1976) and organic acids such as ascorbic a@tlito acid in equi-molar
concentrations (Mukherjee, 2005). The use of teeléaching media will be counter-

balanced by the need not to dissolve the Ti-Mgyditemed during the MCP process.

1.50bjectives of the Study
The specific aims and objectives of this researeh a
* To derive a conceptual model for separating thgialloy from the waste
oxides and unreacted metal powders.
* To optimize the Ti-Mg alloy powder separation prexeavith respect to final

recovery of a clean and pure Ti-Mg alloy.

1.6 Hypothesis
The premise of the work is that the Ti-Mg alloy @~ will not be easily dissolved in
the reagents that will be used to separate it ftom by-products of the MCP

technique.
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1.7 Research Questions
The questions to be answered by this project are:

* Which one among the reagents that dissolves, T&dd the other waste
powderswould be more effective in meeting the aims ancectbjes of this
study?

» Can the leach reagents be utilised in combinatiachieve Ti-Mg isolation?

* What leach parameters (concentration, tempergbutp,density and leaching
time) should be used during the leaching proceges$bd achieve the objectives
of leaching out the by products of the MCP prodess the synthesized Ti-

Mg alloy?

1.8 Dissertation Layout

This dissertation consists of five chapters. Chaptprovides the motivation for the
research, the problem statement, and the overgtcies of this study. Chapter 2
contains the literature survey, which includes isest on mechanochemical
processing (MCP) of Ti-Mg alloys and their possibkes. This chapter, however,
predominantly dwells on dissolution literature cdste products of Ti&Mg milling

in the MCP synthesis of the Ti-Mg alloy, along wihssible organic and inorganic
dissolution media. Chapter 3 (Experimental Procesjurdescribes the materials,
methods and equipment used in this study. Chaptéwoks at the results and
discussion. The dissertation concludes in Chapteits a summary of the research
findings and recommendations. Appendices of detaiddoratory test results and

references are also included.



Literature Survey

CHAPTER 2

2.0 Literature Survey

This Chapter reviews the literature on the processif Ti metal and the possible
reagents that have been used to leach Ti oretsdtraviews the literature on metal

oxide dissolution in acids and stability of Ti-Mbjog's in aggressive media.

2.1 The Kroll Process for Ti production

The Kroll process is a pyro-metallurgical indudtpaocess used to produce metallic
titanium through the formation of titanium tetramhtle from rutile, and its
subsequent reduction with an active metal such agnesium. Refined rutile (or
ilmenite) from the ore is reduced with petroleunmhdsd coke in a fluidized bed
reactor at 1000 °C. The mixture is then treatedh whlorine gas, forming titanium
tetrachloride (TiCGJ) and other volatile chlorides, which are subsetiyeseparated by
continuous fractional distillation. In a separataator, the TiClis reduced by liquid
Mg (15-20% excess) at 800-850 °C in a stainlessl sttort to ensure complete
reduction:

2Mg(l) +TiCl,(g) = 2MgClL, (1) +Ti(s) (Eq 2.1)

The MgC} in Eq. 2.1 can be further refined back to magmasand chlorine which
are recycled in the process. Complications fomptfeeess result from partial reduction

of the titanium tetrachloride to its lower chlor&d&iCl, and TiCk.

The resulting porous metallic titanium sponge isifigd by leaching or heated
vacuum distillation. The sponge is jack hammeret] cuished, and pressed before it
is melted in a consumable electrode vacuum arab@nThe melted ingot is allowed

to solidify under vacuum. It is often remelted temove inclusions and ensure
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uniformity. These melting steps add to the cogproduction, and hence the ultimate
product cost. Titanium is about six times as exj#enas stainless steel (Gerdemann,

2001).

Rutile, Upgraded |/menite

\

Fluidized bed Chlorinator |[—» GO GOg

Calcined coke —»
—>» Cl, e

Crude TiCt(VOCIE,SiCIﬂ,SnC!)

HZS—'}‘ Purification of TiCl, ——>§4—
iCl,
TiCl, SnCl,

\ 4
Reduction of TiCl, by Mg

Mg — || TiCl, + 2Mg = Ti + 2MgCl|,
A

Sponge Ti , MgCl, and Mg mixture

Vacuum distillation of sponge Ti |—» Mg.MgCl

! | |

MgCl, Sponge Ti —» ::{\FI?DEIID_!DH —» Ti powder
| v
Arc Melting

— | MgCl, electrolysis
in molten NaCl-CaCl,-MgCL,| T or Ti alloy ingot

Figure 2.1: Flowchart for the Kroll process (Kroll, 1940)

The major advantage of the Kroll process is it$itglib produce high-purity titanium
with low oxygen content. However, the reductiongerss is a labour-intensive, batch-
type process and its productivity is low. More famentally, the process does not
allow for the production of alloy powders. The puotion of alloy powders directly

from the titanium ores or titanium oxide can greasist in reducing the production
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cost of titanium alloys. Consequently, a new twamiproduction process with low

cost and high productivity is required (TakedalgP@06).

2.2 Mechanochemical Processing

Mechano-chemical processing (MCP) is a term appbeithe simultaneous chemical
processing to induce oxidation-reduction reactiamd chemical refinement processes
through solid state reactions. It is also used rfeachanical alloying of powder
materials to produce metallic alloys, for instan€eMg alloys. Mechanical alloying
is a powder metallurgy process in which alloying abtained from repeatedly
welding, fracturing and rewelding of powder pasg&l through high energy
mechanical milling. All these processes occur thhogolid state reactions. This is
enabled by the energy of impact of the milling naedin the reactants which
effectively substitutes for high temperature sd g8wid state reactions can be carried
out at room temperature (Froes et al, 2004; Mckckret al, 1998). There are various
theories in literature of how the alloy powder farifiLai et al, 2002; Welham et al,
1999; Wilkes et al, 1996; Sheibani et al, 2007; btokick et al, 1998;

Suryanarayana, 2004).

The principal attributes of mechano-chemical preires with respect to the present
research include ultrafine powder production, esi@m of solubility limits,

refinement of the matrix microstructure/nano-grémmation, synthesis of novel
crystalline phases, the possibility of alloyingfidlt-to-alloy elements and scalability

(Mckormick et al, 1998).
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2.2.1 MCP in the synthesis of Ti-Mg alloys

A possible method for the manufacture of Ti—-Mg wdlas mechanochemical milling

of rutile with more than stoichiometric quantitesMg powders. There are two basic
processes that would be expected to take plackeinmechanochemical processing
(MCP) of Ti-Mg alloy powders from ball milling ofutile and magnesium. The first
process is the reduction of rutile to titanium nmxide (TiO) followed by further

reduction of the monoxide to metal by Mg which litsdhanges to magnesium oxide
(MgO) (Welham, 1998). The reduction to Ti metaldakplace when stoichiometric
Mg quantities are used as shown by the Equatiahs2d 2.3 below. It is possible
that sub-stoichiometric oxides form especially gitke fact that the milling process

is chaotic in nature.

TiO, + Mg = TiO+MgO (Eq 2.2)
TiIO+ Mg =Ti + MgO (Eq 2.3)
Ti+Mg=Ti -Mg (Eq 2.4)

For synthesis of Ti-Mg alloys, more Mg than theidt@mmetric quantity is added to
the TiQ,. The stoichiometric Mg is all oxidised to MgO, \ehithe excess quantity
goes towards formation of Ti-Mg alloy (Welham, 1998 this scenario, the summed
up chemical equation for the process (from Eq 2.2.4) would be expressed as

Equation 3.5:

TiO, +3Mg = Ti — Mg + 2MgO (Eq 2.5)
The reduction and alloying processes depicted i2 Bgpccur chaotically, because of

the random nature of the mechanochemical millimmgess. Thus reaction depicted in
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Eg 2.5 may not go to completion. As such, excesgbftwerally boosts the probability

of synthesizing a sizable proportion of the Ti-Mipwn

2.3 Hydrometallurgical removal of waste powders.

The Ti-Mg alloy powder formed from the MCP of THi@nd Mg (Eq. 2.5) has to be
separated from the other products of the procdss. cin be achieved through direct
solubilisation in suitable reagent/s which shoudddvery little effect, ideally none at
all, on the dissolution kinetics of Ti-Mg alloy. ¥aus organic and inorganic acids

will be investigated as possible waste powder dis®m reagents.

Of all the waste powders produced, incompletelyced TiQ (because it has higher
surface energy relative to MgO) will probably be tmost difficult to solubilize, and
hence the emphasis will be on it. Surface energgntjfies the disruption of
intermolecular bonds that occurs when a surfacgeated (Kiejna et al, 20D6lt is

presumed that the other waste powders will provbeaelatively easy to dissolve.
TiO is expected to generally dissolve in media Whdessolves Ti@because it is less
stable than Ti@thus making it more amenable to dissolution by argdia which

attacks the more stable TiO

2.3.1 Metal oxide dissolution

Dissolution is the solvation of a solid by an aqueeohemical solution. It involves the

use of a lixiviant which is brought into contacttve material to be dissolved (Kim,

2004). When an oxide is dissolved, thé Oncipiently coordinated to cations in an

oxide layer will be replaced by B, OH or other ligands when the cations are

transferred into solution. The key to identifyingetoverall rate of reaction lies in

11
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understanding the factors that affect the elemgndtgps. The following steps are
well-known:-

« mass transport of solutes(HOH', ligands) to the oxide surface;

» surface attachment of the solutes (adsorption dace complex formation);

» various surface chemical reactions (inter-lattremsfers, etc.);

» detachment of products from the surface;

* mass transport of dissolved products into the btitke solution.
The general principles governing the mechanisms landtics of dissolution of
oxides are not sufficiently known particularly basa single oxides have seldom been
intensively studied, and the range of conditionstifie individual oxides varies from

one author to the next in literature (Fedorockaval,e2008).

Many oxides are difficult to dissolve in mineralidsor chelating agents, for kinetic
rather than thermodynamic reasons. Tée of dissolution of metal oxides in dilute
acids may be affected by a large number of fagtleging to both the solute and to
the solvent. As already stated, current theorieshef dissolution of ionic oxides
predict that the dissolution rate should have arernse exponential dependence on
solution pH. These theories are concerned withagdos in which dissolution rates
are not governed by diffusion in the solution bu¢ @ontrolled by solid-liquid

interactions in the interphase region (Jones €i%d]).

Dissolution reactions are characterized as hydiglgdkaline, acidic, or oxidative and
reductive leaching. The lixiviant in solution mag &cidic or basic in nature. The type
and concentration of the lixiviant is normally cmited to allow some degree of

selectivity for the species that are to be solsbdi In the dissolution process,

12
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oxidation potential, temperature, and pH of thaisoh are important parameters, and
are often manipulated to optimize dissolution @ tlesired species into the aqueous
phase (Kim, 2004). The process of leaching can d@@mpticated by secondary
reactions, such as precipitation, adsorption, ométion of complexes. The
dissolution of mineral components and the behavifudissolved components is
controlled by the system variables like pH, and ¢bacentrations of the dissolved
species. The sections that follow are going toewvihe literature on dissolution of

the oxides that need to be solubilised in the aiinpeoject.

2.3.1.1 Dissolution of MgO

The dissolution of MgO in acid is controlled by tbleemical reaction of MgO with
H* ions at the liquid-solid interface, while the sbfution rate of MgO crystals
depends on the nature of the crystals and theilasrorientation and on the
temperature and concentration of the acid usedg{&aln 1980). The dissolution of
MgO in inorganic acids (HCI, HNQand HSQ,) is a liquid—solid reaction in which
no solid product is formed. The overall MgO dissid process may be controlled by
chemical reaction or by external mass transfeinvblves the diffusion of Hions
through the liquid film at the liquid—solid inteda to the surface of the solid particles,
surface chemical reaction and diffusion of liquisbgucts of the reactions from the
interface through the film to the bulk liquid. Tretoichiometry of the reaction

between MgO and hydrogen ion in solution is represstby Eq. 2.6.

MgO(s) + 2H *(aq) = Mg*" + H,0(l) (Eq. 2.6)

The surface chemical reaction involves the transfemagnesium cations and the
oxygen anions from the solid to the solution, inickhthe cations will be hydrated.

The transfer of the anions will involve protonationhydroxylation reactions at the

13
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surface of the solid, to form water (Raschman g2@06; Fedorockova et al, 2008).
The overall rate can be controlled by diffusiondifsolved reactants/products or by

the surface reaction, depending on the reactioditons.

Many authors (Raschman et al, 2006; Fedorockoa, &008) have shown that the
empirical rate law = k [H']" for MgO dissolution exhibits a fractional rate arae
which is compatible with kinetic theories, andnslicative of a process controlled by
surface reaction. However, there are situationsnwtie application of different
theoretical approaches results in identifying vasipotential rate-controlling steps for
identical reaction conditions, with no clear bafs discrimination between these

alternativegFedorockova et al, 2008).

The rate of MgO dissolution is insensitive to tleacentration of dissolved cation; the
dissolution rate increases as the concentratianagnesium (Mg) ions in solution
increases during dissolution of the first few mayerrs of the oxide. MgO s
relatively easily solubilised (Jones et al, 1984cdérockova et al, 2008). Although the
reaction order for Hions seems not to be affected by the type of asied, the
activation energy of the reaction in common inoigatids changes in the order HCI
< HNOs; <H,SO,. The higher values of activation energy obtain@dH,SO, could
indicate that the surface chemical reaction isradletd by different reactions between
surface anions and protons created by dissociaifon,SO, (Fedorockova et al,
2008).

Varying the concentration of HCI acid from 1.0 t@ B/ has been found to decrease
the dissolution rate of MgO (Raschman et al, 200@)en MgO is introduced in an
inorganic acid the dissolution rate increases fgpidespite a decrease in"H

concentration in solutions with low Mg H" molar ratios (Raschman et al, 2006).
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For MgO patrticles in acetic acid solution, the pnoal chemical reactions and the

corresponding equilibrium equations are listedodisws:

CH,COOH = H* +CH,COO" (Eq. 2.7)
MgO + 2CH,COO™ +2H* = Mg? +2CH,COO™ +H,0 (Eq. 2.8)
MgO+2H" = Mg* +H,0 (Eq. 2.9)
MgO + H,0 = Mg?* +20H " (Eq. 2.10)

Acetic acid (Eq. 2.7) is a weak organic acid witlsraall equilibrium constant of
about 1.8x13. Dissolution of MgO in acetic acid (Eq. 2.8), cha finished in a
reasonably short period of time, with the majot pabduced being the water-soluble
magnesium acetate which would turn into tetrahyrdg(CHCOO), .4H,0, after

saturation (Chung et al, 2008).

2.3.1.2 Dissolution of TiQ/TiO

The ease of dissolution of THJIO appears to depend on phase. J@Rists in three
main phases which are anastase, brookite and.rlitilegenerally considered that at
low pressures only rutile has a true field of dighianastase and brookite form as
metastable phases (Banfield et al, 1993). Solytimese preparation methods for 7iO
generally favour the anastase structure. This ¢sue the surface energy of anastase
is lower than those of rutile and brookite (Reyesdbado et al, 2008)Surface
energy quantifies the disruption of intermolecldands that occurs when a surface is
created. Dissolution of TiO(indeed any material) disrupts its bonds, andetioee
consumes energy. Therefore the higher the surfaeegg, the more resistant a

particular solid is to dissolution.
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Literature (Van Humbeeck, 2009) has shown thatotlis®n of TiO, films in
electrolytes free of aggressive fluoride (F-) idakes place uniformly all over the
oxide surface, and not as a localized attack. Tissotlition will essentially be
chemical, with a dissolution rate exhibiting a ffirder dependence towards the
protons concentration at low pH. Dissolution of Tifdms in acidic electrolytes is
depicted by Eq. 2.11 where the hydroxide compowauldty dissociates in acidic
media (Van Humbeeck, 2009)

TiO, +H™ +H,0=Ti(OH), (Eq. 2.11)
Titanium monoxide (TiO) is a lower oxide of Ti thatunstable at 700-800 K. During
its synthesis, and under controlled partial oxygesssure, it can dissociate to form
either TpO, TizO, or TikOs. TiIO contains 16.7 at.% vacancies in the titaniumd a
oxygen sublattices (Valeeva et al, 2001), making high energy state phaskhe
configuration of the force field around vacanciaswees rapid shrinking of the lattice
in the direction away from its centre. This leadsstib-micropitting when the atoms
nearest the vacancies dissolve away (Gutman, 1988)efore it is expected that TiO
should generally dissolve in media which dissolVé&3; since it is less stable than

TiO, (Valeeva et al, 2001; Gutman, 1998, El-Hazek 2@0D7).

2.3.2 Reagents for leaching Ti®

Various possible Ti@leaching media have been reported in the litegaincluding
sulphuric acid, hydrochloric acid (Chun et al, 2)@fganic acids (Mukherjee, 2005)
and aqua regia. Aqua regia is a mixture of nitkaaand hydrochloric acid in the
volume ratio 1:3 (Bachman, 1999). It is expecteat thiO should also dissolve in

media which dissolves T This is because, as noted above, TiO is les$estaan
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TiO, and is expected to be rapidly attacked by any anadiich attacks the more

stable TiQ.

The choice of the leaching reagent in this proyatitbe based on the possible effects
to be avoided, such as dissolution of the Ti-Mgwjpowder. One of the aims of this
project will be to clarify the sensitivity of the-Mg alloy towards dissolution and to
optimize the leaching conditions to avoid the uimdéée chemical reactions as well
as to develop a cheap and technologically feasi®é&éod of separating the Ti-Mg

alloy powder from the waste powders.

2.3.2.1 Sulphuric acid leaching

TiO, dissolves when it comes into contact witsSiAy, titanium going into solution as
positively charged ions. The precise compositiohthe aqueous species that form
are controversial, particularly because of diffimd in achieving thermodynamic
equilibrium in these systems. In acid media, atlpss than 1.3 in the absence of
complex forming reagents like $0ions, titanium dissolves to form monomeric
divalent cations (assumed to be TiD(Sole, 1999). The dissolution of TiGs
enhanced by mechanical pretreatment which increifeesattice strain and surface

area of oxide particles (Sasikumar et al, 2007).

The dominant species during the dissolution of ;Ti@ sulphuric acid is
TiOSO,.2H,0, represented more accurately as Ti(Oi@$),. This structure consists
of an infinite zigzag of —Ti-O-Ti-O- chains wheitahium is octahedrally coordinated

by two bridging oxygen atoms, an oxygen atom fra@oheof three sulphate ions, and
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one water molecule. Species such as TIQEWO(SO,);]* and [TiIO(SOu)4]* also

form(Egs 2.11 — 2.13) with increasing sulphatecemtration (Sole, 1999).

TiO** +90,” = TiOSO, (Eq. 2.12)
TiOSO, +0,” = TiO(0,),” (Eq. 2.13)
TiO(S0,),” +290,” +2H* = TiO(0,)," +H,0 (Eq. 2.14)

Polymerized titanium (IV) species exist in aguesukphate media (from 4$0;) and

the maximum polyions concentration occurs at sufighacid concentrations of 1.4 to
1.6M. At higher concentrations; the polymeric spscare destroyed and at 5 to 8M
monomeric species predominate. The rate ob Ti®solution increases with sulphuric
acid concentration up to 14M since the concentnatichydrogen cations peaks there.

Optimum extent of Ti@dissolution can reach 87% (Sole, 1999).

There are problems of hydrolysis when lower acidcemtrations (1.5M- 4M) of free
sulphuric acid) and high temperatures (90-110°@) wsed. For instance, in 4M
sulphuric acid the hydrolyzed product has a compaicture and is strongly
adherent preventing further dissolution of the eaeted rutile. In contrast, in 0.9M
acid solutions, the hydrolyzed product will be gg@mompacted and dissolution could
continue. In both cases the hydrolysis produdiasigjht to be rutile TiQ(Chun et al,

2007). It therefore appears that with sulphuricda®aching of TiQ, the acid

concentration should be kept within certain limdsavoid formation of solid products

which may contaminate the Ti-Mg powder alloy.

Literature also reports on the use of reagent mestibased on 130, to dissolve
TiO,. Some of these reagents were concentrag&OHmMixed with (NH;).SO,, and

concentrated SO, mixed with HF (Korn et al, 2002). For,BO)/(NH4)>.SOs, 0.49g of
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TiO, was dissolved in 16ml of concentratedS@y with 0.06M (6.49g) of (NH).SO,.
The mixture was heated for 30 minutes at 250°Cfercecomplete dissolution of the
sample (Korn et al, 2002). With,BO, in HF, a 4g oxide sample was digested in
10ml of concentrated HF and 16ml of concentrate8i®4 and the mixture was heated
to 200°C until evolution of S&Xumes. The mixture was then cooled before adding 1
ml of concentrated HF, followed by heating to 20@f@il SO; fumes were evolved.
After cooling, the above procedure was repeatedtimoously until complete
decomposition was effected at about 4 hours (Kdralge2002). The above two
procedures are very aggressive and are meant fafr decomposition of Tig
without much regard to preservation of anythingedlsat could be intermixed with
the oxide. For this research work the above prossdwould have to be modified and

made less aggressive because of the need to prelevig alloy powder.

2.3.2.2 Hydrochloric acid leaching

When titanium oxide and or its compounds are intoed to hydrochloric acid, ¥
ions form initially but may hydrolyze back to titam dioxide (El-Hazek et al, 2007).
The hydrolysis occurs when *ficoncentration is greater than ™ and when the
concentration of hydrogen ions is less than 0.5Mashappen with a relatively low
initial acid/ilmenite mole ratio. At a high acid tatile ratio, the Ti(IV) concentration
in solution may never reach the threshold conceatraequired for hydrolysis. High
leach temperatures lead to rapid hydrolysis resylin the precipitation of TiOGlI
and TiGQ in the pores of the particles. At lower temperator at higher initial acid to
rutile mole ratios, the hydrolysis reaction does proceed as rapidly and this results
in the formation of TiOGlfines in the leach solution. The TiQG@hay be hydrolyzed

to TiO; if the acid concentration decreases significafithus, with hydrochloric acid,
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there should be accurate control of parameters dikieity and acid/solid ratio to

avoid hydrolysis (El-Hazek et al, 2007).

Addition of phosphate and fluoride to hydrochloacid and or using alcoholic
hydrochloric acid solutions has been found to enbahe leaching of ilmenite/rutile
For instance, leaching of ilmenite with 6M HCI| addM methanol-water (CiDH-

H,O) mixture at 110°C and solid/liquid ratio (S/L) 602 g/mL results in the
dissolution of 91% Ti compared to dissolutions &6 Ti in 6M HCI alone

(Olanipekun, 1999).

It appears that the optimum conditions for Ti€aching in hydrochloric acid involve
working with 12M acid with a solid/liquid ratio df/20 at 80 °C for 2.5 h, using ore
ground to — 200 mesh size. This has a dissolutificiency of 95% (El-Hazek et al,

2007). As a leachant, hydrochloric acid allows camafively easier recovery of the
useful free acid from its waste solution. In additithe recovery of a number of metal
ions by liquid-liquid extraction from hydrochloriacid solutions is considerably

easier than that from sulphuric acid medium (Olakim, 1999).

2.3.2.3 Aqua regia leaching

Aqua regia is formed from a freshly prepared migtwf concentrated nitric and
hydrochloric acids, in a volumetric ratio of 1:3pectively. It is a highly corrosive,
fuming yellow or red solution. It was so named heseait can dissolve noble metals
gold and platinum, although titanium, tantalumgdiwim and osmium are able to
withstand it. Neither constituent acid will do doree, because, in combination, each
acid performs a different task. Nitric acid is avy@oful oxidizer, which will dissolve a

metal element forming cations (f). The hydrochloric acid provides a ready supply
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of chloride ions (C), which react with the metal cations to producéormetal

anions, also in solution.

2.3.2.4 Organic acid leaching

TiO, dissolves in organic reducing reagents namelyrhgcacid, oxalic acid and I-
cysteine. Studies indicate that a maximum of ald&¥ TiG, can be dissolved by
ascorbic acid in 4 hours when oxide/acid molarorail/2 (Mukherjee, 2005). With
oxalic acid and ascorbic acid in equi-molar conedians, dissolution of Ti@is up
to 60% in 2.5 hours. The dissolution rate was fotmdoe 50% in 1 hour when
cysteine was added (Mukherjee, 2005). Organics teebd added to TiE&dn mixtures

if better dissolution rates are to be realized (Nerkee, 2005). This could pose
problems when an acid regeneration step is negessere the different organic acid

components may respond differently to the regeimeraeagent(s) employed.

2.3.3 Stability of Titanium and its alloys in aggresive media

Titanium element is characterized by a very negattandard redox potential
(E°=-1.63 V/S.H.E. Ti'/Ti]). However, it has a high chemical stability duethe
formation of a very resistant and protective oXadeer on its surface. The oxide layer
forms from the rapid oxidation of Ti to “fiions, which in acids, exist only as titanyl
ions (Ti(OHY?") even at pH values below Beyond that, they evolve into Ti(OH)
which precipitates and dehydrates, resulting innlost stable form Ti@which is the
main component of the passivating layer. The phmeaton of passivation is a
guarantee of excellent resistance to corrosionaimous electrolytic media (Fovet et

al, 2001).
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Ti-based alloys are usually very resistant to songanic acids, e.g., acetic and lactic
acid, but can be corroded by others such as foawid and citric acid. However,
aerated solutions often suffice to inhibit corrosiof unalloyed Ti in the stronger
organic acids, such as formic, lactic and citrice issolution of titanium is known to
be extremely slow even in aggressive media suchl@sor H,SO,, for example.
However, titanium does dissolve in concentratedrdfygioric acid (HF) (Schmidt et
al, 2006). Ti shows marked resistance to corrosad pitting in seawater and
oxidizing chloride solutions. Pitting can be obsshvon Ti surfaces under anodic
polarization in bromide containing aqueous soligjanainly in HBr media (Schmidt

et al, 2006).

2.3.3.1 Dissolution of Ti-Mg alloys

The titanium-magnesium alloys exhibit high negatigdues of corrosion potential

and substantial corrosion rates during anodic paion. The character of the anodic
process on such a pseudoalloy is determined byiriffleence exerted by its

magnesium component, and is unaffected by the pcesef the titanium skeleton.

Titanium has good corrosion resistance and pagsmiitich, in principle, should be

transferable to Ti-Mg alloys in order to improveeith corrosion resistance. The
incorporation of titanium in these alloys giveseri® a self-healing corrosion layer

and reduced galvanic potential (Dias et al, 2002).

The anodic dissolution of titanium-magnesium conifess is characterized by
independence of electrochemical reactions. In tests KOH solution, the Ti-Mg
composites exhibited high corrosion resistanceirTages of dissolution in the whole
component concentration range did not exceed 0M®@3ym(Frantsevich et al, 1993).

Ti-Mg alloys are novel materials; research intesthes still centred on their synthesis.
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Consequently, literature on corrosion tests of G-dMloys in HCI, HSO,, aqua regia

and the organic acids is still scarce.

2.3.4 Influence of mechanical activation on dissalion

The influence of mechanical activation on dissolutof finely milled minerals has
recently attracted attention. Mechanical activatioriroduces physicochemical
changes like phase transformations, structural ctiefestrain and changes in the
surface characteristics of minerals, which in teanthance the dissolution rate and/or

extent of dissolution (Sasikumar et al, 2007).

There are three ways in which dissolution is enedn©xygen vacancies, brought
about by the chaotic nature of the mechanical attm, are among the primary
chemically active defects on the surface of redacitansition metal oxides. These
act as direct adsorption sites, and also as etectamor sites thus modifying the
surface electronic structure and thus the surfaeencstry (Wendt et al, 2005). They
are also high energy sites, because they possass fields which predispose the
nearest atoms in the vicinity of the vacancies issaution leading to micropitting

(Gutman, 1998).

The formation of line defects, called dislocationduring mechanochemical
processing can also affect dissolution. Like thecamgies mentioned above,
dislocations also are associated with stress fieltisch make them high energy sites,
and therefore more reactive. The effect of disiocat can however be tempered in
the presence of impurities. On the one side, wimenimpurities segregate at the

dislocations, their mechanochemical activity desesabecause of stress relaxation
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(therefore, ‘old’dislocations are more difficult &ch) (Gutman, 1998). On the other
hand, the extent of dissolution may increase becaushange of the chemical
composition of the region of exit of the dislocationay reduce their corrosion

resistance (Gutman, 1998).

2.3.5 Benefits of leaching out waste powders

Ti-Mg alloy is a high value product with a potefigdower density and has potential
to be used in the aerospace, biomedical and manthestries. By definition high
value products are those which are difficult to makre made from expensive
precursors or have a high energy cost in manufa¢ivelham, 1999). Value addition
for the Ti-Mg alloy can be achieved by simplifyiige route of synthesis through
using MCP rather than conventional ingot metallu(gy other complex far from
equilibrium processes), for instance, to ensureeesed solid solution of Mg into Ti
(Gerdemann, 2001). It can also be achieved by u3i@y powder, which is a
relatively low cost precursor, as a starting maten the mechanochemical process

rather than using elemental Ti from the expensiva@lHrocess (Takeda, 2006).

Mechanochemical processing (MCP) of 7i@nd Mg to synthesize Ti-Mg alloy
forms a number of by products. MCP is a processhvig scaleable to commercial
production quantities, unlike certain other “faorfr equilibrium” processes (Koch,
2003). Thus, to realize full benefits from the mss, it is imperative that the waste

products of MCP are separated from the syntheSizéth alloy powder.
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CHAPTER 3

3.0 Experimental Procedures

3.1 Introduction

This chapter describes the techniques used inptoiect. It starts by describing the
techniques used to characterize the powders uskalvéd by the hydrometallurgical

procedures used to recover the Ti-Mg alloy.

3.2 Test powders

The TiO,-Mg powder samples used for the hydrometallurgseplaration project were
supplied by the CSIR and most specific parametéaildeof the milling aspect are
thus protected by CSIR copyright. The FHMg powder samples were continuously
milled for 32 hours. The total masses mixed werg 00, and 60g Mg; this
translated to 15 wt.% excess Mg, relative to thecktometric Ti produced from
complete reduction of Ti© The Mg powder was 15% more than stoichiometric
guantity to increase the proportion of the Ti-Mpglthus synthesized. The powders
were also characterized for phase and particle slistribution, before the

hydrometallurgical separation procedures.

Elemental Ti-20(wt.%)Mg milled powders and polydalsne commercial rutile
(TiO2) and magnesium oxide (MgO) were also subjectetthéoreagents used in the
separation procedures. The Ti-20Mg alloy was s\gideel from mechanical alloying
of blended elemental Ti and Mg from another CSIBjgut, itself also protected by
CSIR copyright. The objective was to determine thssolution of individual
particulate polycrystalline MgO and TiQDand Ti-20Mg and use their dissolution

behaviour and extrapolate it on the dissolutiothef MCP synthesized powders. The
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TiO, and MgO were not pre-milled. The alloy Ti-20Mg wadbtained from
mechanical alloying of blended elemental (BE) Tddafig powders, and is distinct
from the alloy obtained from the MCP process whglmtimately mixed with other
by products.

In total four different categories of powders wased in this research; namely milled
TiO,-Mg, Ti-20Mg (from blended elemental powders), asllvas commercial Ti@
and MgO. It is the milled Ti@Mg powder mixture that generates the species MgO,
Ti-Mg and unreacted Ti©and Mg; this mixture will, henceforth, be referrexas
TiO,-Mg to differentiate it from Ti-20Mg from BE powdeand commercial TiE&

MgO powders.

3.3 Powder Characterisation

3.3.1 X-ray Diffraction (XRD)

TiO,-Mg powders mechanochemically processed (MCP) fduration of 32 hours

(including an unmilled Ti@Mg, Ti and Mg) were taken for phase analysis byDXR
to determine the phases present and, more implyrtémtascertain the relative degree
to which the reduction and alloying had progresdezhched powder residues were
also taken for XRD analysis to determine the phames their relative intensities, that
resisted dissolution. Analysis of the residue pkashould, therefore, give an
indication of those phases that would have largedgolved in the individual leach

reagents.

The phase compositions of the powders were detednirsing XRD analysis. An
X'Pert Pro MPD, Philips PW1710 diffractometer walgraphite monochromator and

Cu Kc radiation was used. The copper XRD tube was axciténg voltage and anode
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current of 40kV and 20mA respectively, and stepiegay measurements were done
in the range from 10 to 70%92with a step of 0.02°@2and a counting time of 1s per

step.

3.3.2 Particle size analysis

Particle Size Analysis (PSA) was carried out witMalvern Particle Size Analyzer
MS2000, based on the principle of laser diffracti@rMicrotrac Bluewave Analyzer
was also used. Powder patrticles, each sample 4Bawilligrams, were suspended in
a dispersant (water) and an ultrasonic agitatooreed monochromatic laser beam is
projected through the suspension. The powder pestgcatter the laser beam at an
angle that is inversely proportional to their sizbe angular intensity of the scattered
light is then measured by a series of photoseesitetectors (Figure 3.1). The map of
scattering intensity versus angle is the primaxys® of information used to calculate
the particle size. Particle size analysis (PSA) wasied out on pre-milled blended
powders, and the milled powders. Residues powdtes laaching were not particle

size analyzed.

Wide angle
Blue Flow ctor
light cell
rce
?\b
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Large
Backscatter angle
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Figure 3.1: Schematic diagram of the laser diffraion measurement
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3.3.3 Morphological characterisation of MCP powders

The morphology of both pre-milled and milled sanspleas investigated using a Jeol
JSM-6300F scanning electron microscope (SEM) acaelerating voltage of 15 kV.
The samples were coated with carbon to enhanceuctinidly, and hence achieve
better resolution of the micrographs. The morphplo§ the unmilled and milled
TiO,-Mg helps to explain the progress of reduction andllloying; composition
becomes homogenous and there will be no distindtietaveen the initial powders

(Lai et al, 2002).

3.4 Hydrometallurgical experiments for recovery of MCP synthesized Ti-Mg
alloy powder

The separation of the waste constituents (by-prsdlitd, MgO; and incompletely
reduced oxides of Ti and Mg) from the Ti-Mg allogvpder was done through direct
dissolution in suitable organic and inorganic atelgent(s). The inorganic reagents
used were sulphuric acid £80;), hydrochloric acid (HCI), aqua regia, conceniate
H,SO, with hydrofluoric acid (HF), and concentrated,S@, with ammonium
sulphate. The inorganic reagents were equi-molali@ascorbic acids, and equi-
molar I-cysteine/ascorbic acids. These inorgangt @iganic acids named above gave
good dissolution of Tig adifficult to dissolve phase from Literature (Chuha,

2007; Sole, 1999; Imahashi et al, 1976; Mukhe2€65).

The dissolution experiments were carried out irulahb SW23 Shaking Waterbath
(Figure 3.2), equipped with a removable shakingiage that accommodates up to 11
round bottomed, graduated flasks. The shaking &equis adjustable from 20 to 200

rom. The flasks openings were sealed with aluminfaihto minimize spillage of
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contents and evaporation of the leaching reageamtingl the agitated, heated leach

runs. The waterbath setup was placed in a fumecardb

The dissolution experiments were performed in 2b5@ahbottomed flasks. For each
run, 200 ml of acid solution of predetermined mityawas charged into a flask and
heated to the required temperature. Thereafterdposample was added to the flask
and the contents were stirred at a constant sp€led. leach parameters were
temperature 90°C (for inorganic acids) and 60°C ¢gfganic acids), stirring speed of
200rpm and liquid/solid ratio of 100ml/1g. The higtuid/solid ratio was meant to
decrease the viscosity of the slurry and consefuém mass transfer resistance in

the acid-powder patrticle interface.

The molarities used for sulphuric acid,@0), hydrochloric acid (HQ, aqua regia
were 0.1M, 0.5M, 0.9M and 1.3M while 0.025M, 0.05MP75M and 0.1M were
used equi-molar oxalic/ascorbic acids, and equiamalysteine/ascorbic acids. The
molarity of equi-molar cysteine/ascorbic acids wed¢ended to 0.8M in order to
understand its effect better. The mixtures of iaoig reagents were based on
concentrated p§0O, with a morality of 3M, 4M, 5M and 6M mixed with @6M

ammonium sulphate, and with 0.1M hydrofluoric acid.
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Figure 3.2 Setup of the Julabo SW23 dissolution ajpatus

The duration of leaching was 40 minutes for inorgaatid and 2.5hrs for organic
acids. At the end of each dissolution experiméd,ihdividual residues were filtered,
washed with distilled water and dried. These ressdwere subsequently weighed,
and, for each leach solution, the percent residigze plotted against concentration to
give dissolution graphs (Appendix D). They wereoasalysed for phases by XRD as

described in Section 3.3.1.
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CHAPTER 4

4.0 Results and discussion

4.1 XRD characterisation of powders
The XRD patterns of the TéMg blended powder, MCP T#Mg, and Ti-20Mg
from blended elemental powders are shown in Figute This figure also shows the

patterns of unmilled elemental Ti and Mg, and TM20milled for 32 hours.
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Figure 4.1: X-ray diffraction patterns of the TiO,-Mg powder mixtures milled

for various durations
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The intensities of Ti@and Mg peaks reduced while the peaks broadeneah, tine
initial TiO,-Mg powder to that milled for 32 hours, indicatiageduction in the grain
size. A new peak, determined as being that of Mglccbe seen, indicating that the
reduction reaction was mechanically activated. ®hservation of the formation of
MgO and the lowering in peak intensity of hi@d Mg (Figure 4.1) on the XRD
patterns suggests a typical oxidation-reductioctrea that involves displacement of
Ti from TiO, by Mg, resulting in formation of MgO as indicated Eq. 4.1

TiO, +2Mg = Ti + 2MgO (Eq. 4.1)
The enthalpy of formation for 2MgO is -1 204kJ whis about four times lower than
that of TiG (-315kJ), so that the reaction as mentioned irdEd.is a forward single

step reaction (Shankar et al, 2003).

4.1.1 Proportion of Ti-Mg synthesized
The extent of the reduction of Ti®y Mg was evaluated from the Eq. 4.2 (Lai et al,

2002):

| (TiO,)
[1 (TiO,) +1(MgO)

D= ( )x100 (Eq. 4.2)

where | is the intensity of the diffraction peakisMgO and TiQ. The initial TiQ,
peak intensity was 1 625 while the final MgO pesatensity was 250. Therefore, the
reduction of TiQ at the optimised MCP duration was evaluated fraqn £2 to be
90%. The assumption in using Eq. 4.2 was that thees no formation of
substoichiometric oxides of Ti and, from XRD dafég(4.1), there was no evidence
of TixOy substoichiometric oxides. Lastly, the degree gkw@llinity was assumed to

be the same in all phases present in the milleddpow
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Thus, 10% of the Ti@remained unreduced at the end of the milling gs@nd the
rest took part in the mechanochemically induceducadn and alloying.
Stoichiometric quantities of T¥and Mg powders were mixed (Eq. 4.1) and the
maximum theoretical amount of free Ti formed walswated. Total reduction of the
TiO, was assumed. It was on the basis of the maximuouatof Ti that can be
theoretically formed that the mass of 15wt.% exddgswas calculated. The sum of
the excess Mg (Eqg. 4.3) and the stoichiometric,Ta®@d Mg (Eq. 4.1) formed the
precursor powder blends mechanochemically proces@dd@P) for different
durations.

TiO, +2Mg = Ti + 2MgO (Eq. 4.1)

Ti +15nt.%Mg = Ti — Mg (Eq. 4.3)
The expected products (MgO and Ti-Mg) and their seas assuming the reaction
goes to completion, are 80.6g MgO and 55.1g Ti-MgyaAll the excess Mg was
expected to go into solution with Ti to form theNlg alloy powder. However, this
was not entirely the case as the XRD pattern oMB# powders showed evidence of

oxides of Ti. The reduction reaction did not ga@tmnpletion.

However, it was shown using Eg. 4.2 that only 90##uction of the initial TiQ
mass was achieved. The remaining JJighase was essentially unchanged after
milling for 32 hours, except for refinement of tpharticle sizes (Figure 4.4). Hence,
of the 79.99 TiQ added, 72.2g (90.4%) was reduced by the redubtgntrom this,
and using proportion calculations, it was found tih@ masses of products at 90.4%
reduction were 72.9g MgO and 43.3g Ti. The amodri¥lg in the MgO product is
43.9¢; thus the difference of 11.9g (from the 55i8gally added) went towards

mechanical alloying with free Ti from the reductiprocess. The amount of free Ti at
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90.4% TiQ reduction was calculated to be 43.3g such thatdted mass of Ti-Mg

alloy synthesized was 55.2g.

The constituents in the mechanochemically procegseduct and their respective

masses are 7.7g unreduced JiQ.9g MgO and 55.2g Ti-Mg alloy. This translated to

weight percentages of 5.6%, 53.7% and 40.7% respéct Thus at 32 hours of

milling 40.7% Ti-Mg alloy powder is synthesized (#gndix A2). The proportions of

the various constituents in the milled powder &@ in Table 4.1.

Table 4.1: Calculated composition of the milled poder at 32 hours of milling

{from 2g samples}

Constituent Unreacted TiG Ti-Mg alloy MgO
Weight % 5.7 40.7 53.7
Constituent mass, (g) 0.114 0.814 1.07

4.1.2 Morphological evolution of MCP powders

Figure 4.2 gives the morphologies of the MCP My powders; the perfectly

spherical particles in Figure 4.2(a) are Tihile the irregular platy particles in

Figure 4.2(b) are Mg. There was a discernable ditference between the Mg and

TiO, powders, with the former being coarser.
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(@) TiO, (b) Mg

Figure 4.2: SEM micrographs of the individual staring powders

Figure 4.3: SEM micrograph of TiO,-Mg powders milled for different durations.

The Mg powder particles lost their initial morphgies which were replaced by a
globular morphology while the TiJpowder particles were indistinguishable from the
Mg (Figure 4.3). It is possible that the Ti@articles, which are expected to be brittle,
already fractured and were lodging themselvestimosoft Mg particles (Mckormick
et al, 1998). Higher magnifications revealed the globular particles themselves
were agglomerates of smaller particles that appetyebe welded together. This
evolution of morphology is in line with the ball lmg process which proceeds
through repeated welding, fracturing and reweldhgowder particles, (Mckormick

et al, 1998).
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4.1.3 Particle Size Analysis
Figure 4.4 shows the particle size distribution tbe TiO-Mg powder mix

mechanochemically processed for 32 hours.
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Figure 4.4: Particle size distribution of TiO,-Mg powder milled for 32 hours

The MCP TiQ-Mg powder mix was composed of the particles witlksg of 8.6
microns. The steep gradient of the distributionveundicates that the powder had a
narrow size range, with aygdand a g of 2.5 and 21 microns, respectively. The
narrowing of the size range was a direct resufhe€hanochemical processing, where
steady state sizes are achieved due to the baktmteeen fracturing and rewelding.
This is typical of milling operations. Unmilled T#Mg powder had a much wider

particle size ranges (Appendix B8, Table B1 andifed31).

4.2 Hydrometallurgical recovery of MCP synthesized'i-Mg alloy powder
The synthesis of Ti-Mg alloy through direct redoatiof TiO, with excess Mg during
MCP formed by-products which included MgO, unredcI&, and minute quantities

of Mg (Eq. 2.4). The value product, Ti-Mg alloy pder, has to be recovered from its
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intimate mixture with the by-products of mechanauleal reduction. Dissolution
experiments were carried out to separate the mechamically synthesized Ti-Mg

powder alloy from the waste powders.

oTiO, eMg ¥ MgO ¢ Ti-Mg

Counts

00TiO,-Mg 32hrs R

R

Position [2Theta]

Figure 4.5: XRD spectra of TiQ-Mg milled for 32 hours

Figure 4.5 shows the XRD patterns of processed-M@ powder mix. The peaks of
incompletely reduced Tifare visible as well as the peaks for the prodottsilling
which are Ti-Mg alloy and MgO. The spectra alsovehdhe strength (hence the
relative abundance of each constituent) of the pet@ksities relative to each other.
As indicated by the spectra, MgO and the Ti-Mgyabioe the major phases and they

occur at seemingly overlapping 2alues of 36.5, 42,5 and 62
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The MgO peaks are seen to be more intense thaothry peak implying that MgO
had become the main phase, with Tg2aks being the second most prominent peaks
on the pattern. The new phases (MgO and Ti-Mg) bvadder, less intense peaks
indicating that their crystallinity was low. It [gossible that the crystallinity of TiO
was higher hence it got to be the second most premhiphase. It has been shown that
while 2 wt.% of a material can be detected if taetiple size range is 26 -38 microns,
25wt.% is required if the particle size range B850 1 microns (Shankar et al, 2003).
Thus, that TiQ has a prominent peak could have been a consequéricacturing
dynamics and particle size, as well as the relatwendance of phase. However, from
particle size analysis (Figure 4.4), thg df 9 microns is a lot larger than the 0.05 — 1
micron range. This, in effect, meant that the irdiral peaks intensities in Figure 4.5
had more to do with the relative abundance of #dspective phases, and a lot less to

do with fracturing dynamics of the powder spechesein.

In the dissolution experiments conducted, the ttgalid ratio used was 100ml/1g.
The ratio was deliberately made high and is ideaim the viewpoint of fundamental
kinetic analysis, to decrease the viscosity andsequently the mass transfer
resistance in the acid-powder particle interfa@ssikumar et al, 2007). Lower ratios
are only more realistic from an industrial and eagb point of view. Further, the acid
will be sufficient to react evenly with each andegv constituent in a given powder
without affecting the dissolution or lack theredftloe other constituents. Thus, it can
be assumed that the dissolution behaviour of inodget commercially pure TiO
will be comparable to that of incompletely redude@; intimately mixed with Ti-Mg
alloy and MgO in the milled Ti@mixture, from the mechanochemical process. The
dissolution of the milled components is bound tashghtly higher, though, because

of dissolution enhancement brought about by mechaaarctivation (Gutman, 1998).
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4.2.1 Effect of leaching in dilute sulphuric acid

Figure 4.6 shows the results of the leaching erpants performed using,80,. The
masses of the residues are given in Table D1 ireAgix D. About 40% MgO was
dissolved at the lowest acid concentration andtlaf MgO was subsequently

dissolved in acid concentrations of 0.5M and beyond
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Figure 4.6 Effect of HSO, concentration on the leaching of the individual

powders

For TiO,, slightly less than 30% dissolved at 0.1M sulptwacid with about 40%
dissolving as the concentration was increasedawl OHowever, a further increase in
acid molarity was accompanied by a sharp redudtiothe proportion of dissolved
TiO,. The amount of dissolved oxide then levelled aflbout 20% at higher acid
molarity. The low dissolution of titanium in aciedmcentration higher than 0.5M is
probably due to hydrolysis, polymerization and poiation of titanium ions in

solution (Sasikumar et al, 2007). At acid conceitrs below 1.5M, the hydrolyzed
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product will be poorly compacted and dissolutioruldocontinue although more
slowly. The hydrolysis product is thought to beileutTiO, (Chun et al, 2007).
Sulphuric acid isolation of the Ti-Mg alloy powdés not viable as it is being
solubilised faster than the wastes (2)in the concentration ranges studiddhe
curve for TiQ-Mg does not rise as the Ti@urve in the range 0.5-1.3M; there is no
correlation between the masses leached in bothesurVhis apparent lack of
dissolution congruency (common elements or compsumd the two powders
dissolving at the same rate) could be due to tleeiep common to both powders
being in different ratios (Welham, 1998). Amountaxides of Ti in MCP Ti@-Mg
could have been insignificant to cause any cunanghs similar to those in the HO
curve. This observation could imply that specielseptthan incompletely reduced
TiO, (Ti-Mg and MgO) were the ones predominantly digsa while unreduced

TiO, in MCP TiO,-Mg was largely resistant.

About 20% of the independent Ti-20Mg dissolved.aMH,SO, with the dissolution
increasing with increasing acid concentration uthilre was only 11.7% left at 1.3M.
About 53% of the MCP Ti©@Mg powder dissolved in 0.1M 430;: this is much
higher than the amount of TiQthat dissolved for the same concentration. The
dissolution rate decreased with increasing acidceotnation and, above 0.9M, the
amount of powder dissolved became independenteoftid concentration. This was

reminiscent of the behaviour of the TiGxide at higher acid molarity.

The similarity in dissolution behaviour between 7Ti@nd processed T¥Mg at

higher acid concentrations could imply that incoetgly TiG, was now one of the

dominant phases left in TEEMg after other phases had been largely leachedlhig
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was supported by the XRD pattern (Figure 4.7) &,IMg leached at 0.5M which
was already showing that TiOpeaks (along with peak intensities) were more
dominant than those of other phases. It is appdhat in the acid concentration
range used, the MCP TiMg residue decreased from 47.7% to 17.2% andwbigt
way below the theoretically calculated Ti-Mg projan of 40.7% (Table 4.1). The

value shows that the Ti-Mg alloy phase dissolved bag extent.

oTiO, eMg ¥ MgO ¢ Ti-Mg
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Figure 4.7 XRD pattern of milled TiO,-Mg residue leached in 0.5M HSO,.

Figure 4.7 shows the XRD pattern of mechanocheltyipabcessed Ti@Mg residue
leached at 0.5M 80O, The pattern shows that dissolution did not appgeabe
proportional to the initial masses of the respectenstituents in the milled mixture.

However, it is apparent that the TLiPeaks have become the most prominent after
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leaching, while before, they were the second mesmment. It is possible other

phases in the milled TEEMg were dissolved at higher rates than JiO

TiO,, which constituted only 5.7% of the whole mixtureas still present in the
pattern at 0.5M sulphuric acid even though only 289gure 4.6) of the initial Ti@
Mg residue remained undissolved. Meanwhile, inddpahpolycrystalline MgO was
completely dissolved at 0.5M (Figure 4.6). This i@ that the MgO in milled Ti®
Mg was all leached out as well, and this can beobarated by the lack of MgO

peaks in the XRD patterns of the powder milled.&MOH,SO.

The leaching of Ti@Q powder showed peak dissolution of 39% at 0.5Mhia acid
range 0.1-1.3M. Literature has shown that dissofutf TiO, can get as high as 65%
in H,SO, (Sasikumar et al, 2007) albeit with more aggressigrameters which will

not augur well for the synthesized Ti-Mg alloy irOR TiO-Mg powder blend.

4.2.2 Effect of leaching in concentrated sulphuriacid (with enhancers)

Figure 4.8 shows the leach behaviour of the powdeith variation in the
concentration oH,SO, (enhanced with 0.1M HF). Tithad a constant dissolution of
slightly below 40% across the whole concentratiange. Ti-20Mg residue was at
40% initially before it gradually decreased to afin@% at 6M acid concentration,

while MgO was completely dissolved in all concetitnas.

42



Results & Discussion

/ )
100

80
o ——TiO2
>
g 60 —=— Ti-20Mg
o TiO2-Mg
O\O

40 T\ . MgO

20

O \T\ | o

2.5 3 3.5 4 4.5 5 5.5 6 6.5

Concentration of sulphuric acid,M
(with 0.1M HF)
. J

Figure 4.8: Effect of leaching in concentrated kK50, with HF

Figure 4.9 shows the XRD patterns of 7iKg powder leached in 0.5M 480,
(enhanced with 0.1M HF). The patterns indicated tha TiG was resistant to

dissolution since its peaks became the more dormoraes after leaching.
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Figure 4.9 XRD pattern of milled TiO,-Mg residue leached in 0.5M HSO, (with

0.1M HF)
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Figure 4.10: Effect of leaching individual powdersin concentrated H,SO, with

(NH4),SO0,

Figure 4.10 shows the extent of dissolution intretato increase in the concentration
of H,SO, (enhanced with 0.06M (NhLSQy). The results show that Ti@issolution,
which was virtually constant and fluctuated slightit 33%, was independent of
concentration in the acid range investigated. Theas reduced dissolution of TiO
Mg and Ti-20Mg powders at elevated reagent cona#otrs. Their respective
residues gradually increased with increase in eaittentration; TigMg was 36% at
3M and it got to be 47% at 6M, while Ti-20Mg was¥d@nd ended up being 40% at
6M. Independent, polycrystalline MgO completely silved across all the molar

concentrations used.
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Figure 4.11 XRD pattern of milled TiO,-Mg residue leached in 0.5M HSO,

(with 0.06M (NH),SO,

Figure 4.11 shows the XRD pattern of the MCP My powder residue leached in

0.5M H,SO, (with 0.06M (NH,),SO;. Just like the patterns of powders leached with
H,SO, (HF), Figure 4.11 shows that the Tifhase became the more dominant after
leaching. This indicated that Ti@as more resistant to dissolution compared to other

phases; it was intimately mixed with in the MCP F-dg powder.

Leaching of powders in concentratedS®, with 0.1M HF (Figure 4.8), and in
concentrated pHO, with 0.06M (NH,).SO, (Figure 4.10) showed that TiQvas
largely undissolved in both leach media. The degfedissolution of TiQin both

H,SOy/HF and HSOW/(NH4),SO, was virtually the same. It follows that the indival
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additions of HF and (NF.SO, to concentrated ¥$0O, leach media did not have any

effect on the dissolution properties of FiO

Concentrated S0, with 0.1M HF cannot be satisfactorily used to isolate Ti-Mg
alloy from MCP TiQ-Mg powders because the oxides of Ti did not shouchm
amenability to dissolution. There was about 60%g@Fe 4.8) undissolved
polycrystalline TiQ which is unacceptably high. The independent a(lby20Mg)
was completely dissolved at higher acid concemtnatiwhich showed that the Ti-Mg

alloy in the MCP TiG-Mg would not be spared dissolution as well.

4.2.3 Effect of leaching in hydrochloric acid.

The fraction of each individual powder extracted gencentration plots for the
different HCI concentrations are given in Figur&24.Concentration of the leachant
has a significant effect on the leaching of the ;M@ and MgO powders whose
residues drastically decreased with increase in ¢t@ktentration. The proportion of
TiO,-Mg residue decreased to about 35% at 0.5M coreggmtrafter which it tapers
off and finally gets to about 22% remaining at 1.Bjirochloric acid. This translates
to a mere 0.44g from the initial 2g sample. Fromotietical calculations (Appendix
A2), Ti-Mg is 40.7% of the milled Ti@Mg powder blend. This means that, at 1.3M,
almost half of the calculated proportion of Ti-Mdlog powder from the

mechanochemical process has been leached out.
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Figure 4.12: Effect of HCI concentration on the leehing of the individual

powders.

From Figure 4.12, proportion of the Ti@sidue at each acid concentration gradually
decreased from slightly over 80% at 0.1M to justro80% at 1.3M. In no case was
the fraction of TiQ dissolved more than 40%. Clearly, the initial wogassed Ti®
was not readily amenable to hydrochloric acid digsan at the acid concentration
range under consideration. This is probably duehydrolysis and precipitation
reactions of Ti ions in solution, and reactionsallsuset in at elevated temperatures
and at specific acid concentrations for prolongedaals of leaching (Sasikumar et al,
2007). Hydrolysis of Ti ions is favourable at higltemperatures (>70 °C), longer
leaching time (>45 min) and at acid concentratibtmser than 8M (<8M HCI)
(Sasikumar et al, 2007). It is the hydrolysis afsdilved Ti which makes dissolution

of TiO, in hydrochloric acid very difficult.
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It is possible that Ti@precipitated from Ti ions in hydrolysed TiQGpeciesThe
entire precipitation reaction occurs accompaniedhigyhydrolysis of TiOG and via
the formation of an intermediate hydroxide (Eq)4.4

TiOCl, +2H,0 = TO(OH), + 2HCl (Eq. 4.4)
The intermediate then disintegrates to give a, Fif@cipitate and water (Eg. 4.5).

TiO(OH), = TiO, +2H,0 (Eqg. 4.5)

oTiO, eMg ¥ MgO ¢ Ti-Mg
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Figure 4.13: XRD pattern of milled TiO,-Mg residue leached in 1.3M HCI acid

The XRD spectra for some of the leach residuesesponding to HCI leaching is
presented in Figure 4.13 which shows patterns 0-Mg leached in 1.3M HCI acid.
Initially, before leaching, the top three peakdemsities are all above 100 with the

overlapping MgO/Ti-Mg peak at6236.5 being the most prominent (Figure 4.5).
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However, after leaching, the MgO/Ti-Mg peak becdeass pronounced and the O
peak at 25 got to be the most pronounced. Other lesser peakasufficiently

reduced and undissolved Ti@lso became more prominent at the 1.3M leach run.

Although the MgO phase was leached in 40 minuteleadthing, the dissolution of
TiO, rutile phase was found to be low even at the drttieleaching run. The TiO
phase has become the most prominent on the XRErpatbf TiQ-Mg leached at
1.3M (Figure 4.13). This most likely indicated tlmher phase components in MCP
TiO,-Mg, namely MgO and Ti-Mg, had largely dissolvedtie leach media. At the
same HCI, independent polycrystalline MgO was catghy dissolved while 30% of
the independent Ti-20Mg alloy from elemental povgdeemained undissolved
(Figure 4.12). The deduction is that, after leaghim 1.3M, the mechanochemically
processed Ti@Mg powder contained Ti©&and some bit of Ti-Mg alloy as evidenced

by the presence of these phases on the XRD paffeiqwe 4.13).

4.2.3.1 Cyclic leaching with 0.1M HCI

At 0.1M HCI, there was very little dissolution dfet TiO-Mg (3%). This was lower
compared to the Tigand MgO (16% and 26%, respectively), which needebet
leached out of the milled mixture. It was postuliatbat the pattern at 0.1M acid
concentration, where more Ti®g was undissolved compared to fi@nd MgO,
could be maintained by subsequent cyclic leachimg at the same conditions. Cyclic
leaching is the process where a powder is leaditeded, dried and re-leached for a
number of cycles under the same leach conditiom& d@mount of incompletely
reduced oxides of Tland MgO) was envisaged to incrementally dissolveach

cyclic leach of the milled Ti@Mg mixture, without affecting the value Ti-Mg ajlo
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(in the milled TiQ-Mg) to a larger extent. For purposes of compatirggdissolution
behaviour under the cyclic leaching, polycrystalMgO and TiQ were also leached

under the same conditions.

The results of cyclic leaching in HCI at 0.1M atewn in Figure 4.14. At the first
cyclic run, TiQ-Mg residue was 97% while those of ti@nd MgO were 82% and
73%, respectively. However, there was more of ;T{&/%) residue than any other
leached powder at the end of the cyclic leach rthmes,next most abundant residue
was Ti-20Mg with 52% The milled Ti&oMg dissolved more and more until the last
run when it had the lowest residue left comparethéoother powders. Its value at the
third and final run was a drastically low at 33%laat this point there was no need to
continue the cyclic leaching runs, further cyckad¢h runs only dissolved the O

Mg further without much effect on the TiPowder.

The amount dissolved depends on the initial quaofithe dissolving phase, and the
kinetics of dissolution. A lower initial quantityilvresult in a lower dissolved mass,
which means a higher residue. For MCP M)y and using the Lai equation (Eq.
4.2), the starting Ti-Mg and MgO proportions welghty being 40.7% and 53.7%,
respectively. These calculated proportions areipditative; they are not absolute. It
is the proportion of Ti oxides which is low at 5.7@nly 3% of the Ti@-Mg mixture
dissolved; this could indicate that the initial ma$ the dissolving phase is low. In the
three cyclic leaching runs, Ti®esidue reduced from 82% to 57% while MgO was
from 73% to 42%. For the same conditions proce3s@gd-Mg decreased from 97%
to 33%. Recovery of Ti-Mg alloy powder would prodéficult since the MCP Ti@

Mg was dissolving at a faster rate compared tdtRproduct powders.
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The XRD patterns of the TgéaMg residues leached in HCI (Figure 4.13) contitue
show the presence of TiOrhus, it would appear that the low initial dissaatwas

because of low kinetics of dissolution rather tltanthe relative quantities of the
powder constituents in the MCP T#Mg. It therefore follows that dissolution at

lower concentrations was mainly of MgO and the Tg-Mloy.

4 )
100
90
4
80 -
® 79 —e—TiO2
oS —s—Ti-20Mg
0
2 60 \.\ Ti02-Mg
S \\: MgO
50 4
40 A
30 ‘ |
1 2 3
Leach cyclesin 0.1M HCL
N J

Figure 4.14: Cyclic leaching of the individual poweérs at 0.1M HCI

It is not possible to use cyclic leaching with HEIgure 4.14) to isolate Ti-Mg alloy
powder as every other mechanochemically procesg@g-Mg powder constituent,
with the exception of Ti@ was largely dissolving. In this case, cyclic leachis
more or less similar to leaching for a more prokshduration at the same parameters.
Thus, HClcannot be used to separate the synthesised Ti-Myg pbwder from the

waste powders.
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4.2.4 Effect of leaching in aqua regia

The dissolution of the various powders in aquaaegishown in Figure 4.15. T}O
Mg showed gradual dissolution from 20% at the @hi.1M acid concentration to
70% at 1.3M. All the MgO was completely dissolvadcancentrations of 0.5M to
1.3M. TiO; did not show appreciable dissolution as only al&3%6 was dissolved at
1.3M. For Ti-20Mg, 38% was dissolved at 0.1M corcation. Thereafter, the
amount of Ti-20Mg residue gradually increased witicreased aqua regia

concentration until it tapered off at about 90%4.8M.
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Figure 4.15: Effect of aqua regia concentration otthe leaching of the individual

powders.

The situation with aqua regia was the same as #&COf at no point was there
dissolution of MCP Ti@Mg being more than the dissolution of TiChis leachant,

which is strongly oxidising, has shown that it canbe used to effect the separation
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of Ti-Mg from the processed powder mixture. Aqu@iaeis a corrosive, fuming
yellow liquid whose fumes and yellow colour are sxdi by reaction of HN{acid
with HCI acid to form nitrosyl chloride (NQg Cl,, and water. Both IGand nitrosyl
chloride are yellow-colored and volatile. The ng#ybchloride further decomposes to
nitric oxide, NO, and chlorine. It is possible tlstme of these species formed are
precursors and intermediates to those species wdrehfavourable for hydrolysis
hence the Ti@resistancéo aqua regia dissolution. The rise in the resiadm®unt of
Ti-20Mg powder with increasing acid concentratios thus probably due to
hydrolysis. Figure 4.16 shows the XRD pattern ef BhCP TiQ-Mg powder leached
in 0.9M aqua regia. The pattern confirmed whatdissolution graph showed (Figure
4.15): TiG was not amenable to much dissolution in the medied, and it thus

became the most dominat phase after leaching @aspieing only 5.7% initially.
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Figure 4.16: XRD pattern of milled TiO,-Mg residue leached in 0.9M aqua regia
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4.2.5 Effect of leaching in oxalic/ascorbic acids
The variation of powders residues with acid conegian after leaching with equi-

molar oxalic/ascorbic acids is shown in Figure 4.17
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Figure 4.17: Effect of oxalic/ascorbic acid concerdation on the leaching of the

individual powders

Polycrystalline TiQ did not show much dissolution in equimolar oxasdorbic
acids. The least dissolved phase was MgO, wittsigue of about 90% at the lowest
acid concentration. There was XRD evidence showliag the MgO exposed to the
equimolar oxalic/ascorbic acid reagent was probatadgverted to Mg(OB) (Fig
4.18).

The proportion of TiQ dissolved was virtually constant and independénh® leach
media concentration. The TiOresidues on the whole acid concentration range

fluctuated at around 80%. On the other hand g, Ti-20Mg and MgO dissolved
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initially but gained mass with increasing acid nitja MgO gained more mass than
other powders with about 150% residue at the facad concentration of 0.2M. T
Mg had a residue of 121% at the final acid conediatin investigated while Ti-20Mg
gained mass up to 117% before tapering off sligatlyhe end. Mechanochemically
processed Ti@Mg, MgO and Ti-20Mg had very little dissolutionlatv acid strength
before they started steadily gaining residue massalues beyond 100% with
increased acid concentration. These three powdex® Mg in common; Mg
combined with @ in MgO (in both crystalline MgO and milled Ti®4g), and

alloyed to Ti (in both MCP Ti@Mg, and Ti-20Mg).

Independent polycrystalline TiOdid not have Mg in it, and all its residues were
under 100%. Thus, only the Mg bearing powder phasesed in residue masses
beyond 100%. This was most likely because of thé"Nms (from the dissolved Mg
bearing phases) in the equimolar oxalic/ascorbid auxture were hydrolysing to
Mg(OH),. XRD analysis of the residues (Fig 5.18) showedgtresence of Mg(OHht)
the Mg in both the oxide and the Ti alloys probalunt into solution as Mg cations
before being quickly hydrolysed to Mg(OHElemental Mg metal was also subjected
to the equi-molar oxalic/ascorbic acid reagenth@sdther powders. The Mg residue
also steadily gained in residue mass beyond 100%easeagent concentration was
increased confirming that, indeed, the gain in maas because of the Mg ions (Eq
3.5) reacting to form Mg(OH)precipitate. Indeed, XRD analysis of elemental Mg
leached in 0.15M concentration (Appendix C11) sihobwlee presence of Mg(OH)

phases, over and above those of undissolved Mg.

MgO(s) + 2H *(aq) = Mg*" + H,0(l) (Eg. 3.5)
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Mg?® +20H "~ = Mg(OH),(s) (Eq. 3.5)

The high propensities of mass gain in these leapgdiers seem to indicate that the
conditions were optimum for maximum hydrolysis loé tMg leached from the oxide,
and from the alloy matrix. Figure 4.18 shows the DXRspectra of the
mechanochemically processed 7i@g powder mixture leached in 0.15M
oxalic/ascorbic acids. The peaks of incompletelguoed oxides of Ti are visible
although they are not the most dominant. There pvasence of Mg(OH)as shown
by the labelled peaks. No MgO was detected in tR®>analysis; all the oxide had
probably hydrolyzed to Mg(OH)

oTiO, e Mg ¥ Mg(OH), ¢ Ti-Mg
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Figure 4.18. XRD spectra of milled TiQ-Mg residue leached in 0.15M

ascorbic/oxalic acids
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The results indicated that leaching in oxalic/abmoacids is impossible because the
phases of interest, those that need to be leadneMgO and TiQ), are having the
least tendency to dissolve. As a result, oxali@dsc acid mixture cannot be used to
effectively isolate Ti-Mg alloy from the waste pogrd as it leaches out the Mg in the
alloy matrix, and it does not result in good dissioin of TiO,. Literature of TiQ
dissolution in organics showed that a maximum diggm of 60% in 2.5 h was
obtained in equi-molar concentrations of oxaliadda@nd ascorbic acid (Mukherjee et
al, 2005). No leach parameters were given in ttexaiure apart from the leach

duration.

4.2.5 Effect of leaching in equimolar cysteine/asdaic acids
Milled powder samples, as well as the polycrystalliTiO, and MgO leached in
equimolar cysteine/ascorbic acids in the range D1020.8M are shown in Figure

4.19.
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Figure 4.19: Effect of equimolar cysteine/ascorbi@acids on the leaching of the

individual powders
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The dissolution of Ti@Qand Ti-20Mg showed a sharp increase on moving feom
concentration of 0.025M to 0.05M. 32% TLi@nd 42% Ti-20Mg dissolved at 0.05M
acid. Beyond 0.05M there was a drastic increagbammasses of TiOand Ti-20Mg
residue retained. The TiOgradually dissolved with increase in the equimolar
concentration until about 29% residue was left.&8VD On the other hand, Ti-20Mg
began to show marked resistance to dissolution rxky@05M with the residue
proportion gradually picking up with increase ire tequimolar concentration until it
was about 75% at 0.8M. On the other hand, MCP,-M@ and MgO showed gradual
decrease of their residue proportions with increasthe equimolar concentration.
Mechanochemically processed Tilg, from which 51% MgO and 6% incompletely
reduced TiQ (total 57%) (Table 4.1) need to be leached ows wirastically
dissolved until only 9% residue remained. MgO silgadissolved until 13% MgO

residue remained after leaching in 0.8M cysteirmafdsc acids.

The powder most resistant to dissolution, Zi€howed considerable dissolution with
increased leach media concentration up 0.8M wh##é @f it dissolved. Literature
(Mukherjee et al, 2005) on dissolution of i@ organics has dissolution up to 60%
percent; leach equipment and parameters were nein.giCysteine/ascorbic acid
proved to be the best possible reagent for leaohinngubstantial proportions of TiO
while, at the same concentration, avoiding consiolerlosses of the Ti-Mg alloy due
to inadvertent co-dissolution. About 76% recovefryhe Ti-Mg powder was achieved
by leaching with equimolar cysteine/ascorbic acidfis was, however, with

contamination of 20%MgO (min.) and 4% TLi(nin.) at 0.8M.
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¢+TiO, mMg + MgO * Ti-Mg
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Figure 4.20: XRD pattern of milled TiO,-Mg residue leached in 0.1M equimolar

cysteine/ascorbic acids

Equimolar cysteine/ascorbic acid showed a lot depial in separation of Ti-Mg
from the MCP TiQ-Mg. At lower acid concentrations, more of the MT®,-Mg is
retained at concentrations 0.025 and 0.05M than aher powder. A lot more
independent Ti@dissolved at these same concentrations, partigud@r0.05M. It is
postulated that the oxides of Ti from the milleddFMg mixture can be separated
from the synthesized Ti-Mg alloy through leachin@#5M for a number of repeated
leach cycles. However, an unacceptably high propo(tl1%) of the milled Ti@ Mg
will be dissolving at each leach cycle, assumirgyits of subsequent leach runs will

be consistent with those obtained at 0.05M equinmjlateine/ascorbic acid.
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Inevitably, a considerable proportion of the vallieMg alloy will end up being
leached out along with the other waste powdersndwsubsequent leach cycles. This
is corroborated by the leaching curve of indepehdBR20Mg (from blended
elemental powders) which showed that 42% of the deoswdissolved at 0.05M
concentration. Not much MgO (29% at 0.05M) wasalis=d despite the fact that it is
a relatively easy oxide to dissolve. Thus MgO Wi retained in each leach cycle
and, at the end, an unacceptably high proportidhbei retained in the final Ti-Mg

alloy.

To counter the unacceptable loss of MCP MYy (11%) during each postulated
cyclic leaching run, the duration of leaching wasréased to 1 hour for all powder
samples. It was expected that all the curves inur€igt.19 between 0.025M and
0.05M (where Ti@-Mg residue was more than those of other powdersjldv
generally shift upwards at reduced leach duratiorthet as much MCP Ti&Mg
residue as possible would be initially retained.cli€y leaching would then be
performed on these powders leached at low durdtdgrere more milled TigMg
residue is expected to be retained). It is enviddigat this would limit the dissolution
of the processed TigeMg (and hence Ti-Mg alloy powder therein) on sujusnt

cyclic leach runs while leaching more of the wgstevders with each pass.

Table 4.2 shows the results of leaching in 0.05Mi-egplar cysteine/ascorbic acids at
different durations. Initially, the powders weradbed for 2.5 hours and the results
indicated potential for separation. Thus, the pawdeere then leached for a less

duration to maximise on that potential.
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Table 4.2 Leaching in 0.05M cysteine/ascorbic aci@dg 2 different durations

Powder % residue % residue % difference
at 2.5hrs at 1hr

TiO; 68.3 81.9 13.6

Ti-20Mg 58.3 70.1 11.8

TiO»-Mg 87.1 66.5 -20.57

MgO 70.8 77.5 6.7

Table 4.2 shows that the residues of JiDi-20Mg and MgO increased when the
leaching duration was decreased to 1 hour,Tdd the largest residue weight gain of
14%, with MgO with the least weight gain of abod6.70n the contrary, Ti©OMg
residue decreased to 67% down from 87% on movinth@olower duration. The
potential for separation by cyclic leaching wast loe moving to the lower leach
duration as even more of the MCP Filg powder mixture went on to be dissolved,

contrary to expectations.

4.2.6 Leaching in combined HCI and equimolacysteine/ascorbic acids

HCI and equi-molarcysteine/ascorbic acids showed potential of Ti-Mglation at
0.1M concentration (Figures 4.12 and 4.19). Thisamsethat, at this concentration,
both leach reagents show desirable tendenciesssblging, to a larger extent, the
undesirable waste products while the FM@g remains largely unaffected. It was
decided to try and combine these desirable tendengione reagent by mixing HCI

and equi-molar cysteine/ascorbic acids on a 50/60mbasis.
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Figure 4.21 Graph of combined HCI and equi-molarcysteine/ascorbic acids

Figure 4.21 shows the variation of powder residukh woncentration of combined
HCI and equi-molar cysteine/ascorbic acids. TheHesy behaviour of MgO and
TiO,-Mg powders samples showed substantial decreasdisein respective leach
residues with increased leach media concentrafiba.extent of dissolution of MgO
increased until all the sample was dissolved athioed acid concentration of 0.75M.
With MCP TiO,-Mg powder mixture, the dissolution curve graduadgered off until

there was about 23% residue left at 0.75M acid.

TiO, and Ti-20Mg powders did not show much dissolutibtha acids concentrations
investigated. TiQ residue amount fluctuated at 80%. For Ti-20Mg, tlesidue
slightly increased from 85% at lower acid concerdrato about 87% at 0.3M before

slightly reducing to 69% at the final acid concatitn.
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Figure 4.22: XRD spectra of milled TiQ-Mg residue leached in combined HCI

and equi-molar cysteine/ascorbic acids

Figure 4.22 shows the XRD spectra of MCP FMy powder leached in combined
HCI and equimolar cysteine/ascorbic acids. The,p€aksare strong in the pattern;
it showed that the oxide did not dissolve much desp having the least theoretical
proportion in the milled TiMg (5.7%, Table 4.1). Other peaks of MgO and Ti;Mg
prominent before leaching, were now greatly reducedhtensity and all became
lower than those of Ti@More of Ti-Mg and MgO in the milled Ti@Mg mixture
dissolved ahead of the oxides of The desirable tendencies from both individual
leach reagents appear to have been lost when teey @ombined into one reagent.
The combined HCI and equi-molar cysteine/ascorhicisa simply became more
aggressive; and dissolved a great deal of the Mg®edl as the MCP synthesised Ti-

Mg in the milled TiQ-Mg mixture (Figure 4.21). Only 23% of T¥kMg remained as
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residue yet theoretical calculations indicate thate is 40.7% Ti-Mg alloy. Thus it is
not possible to isolate Ti-Mg alloy using combingdCl and equi-molar

cysteine/ascorbic acids as the leach reagent.

4.3 Summary of discussion

Chapter 4 described and discussed the resultsdsbimetallurgical recovery of MCP
synthesized Ti-Mg alloy powder from the intrinsigamixed by-product powders. It
was the objective of this research to dissolve these by-products in different

organic and inorganic acids to remain with a cl€aMg alloy powder residue.

Inorganic acids (HCI, k50, and aqua regia) were not able to effect recovéth®
synthesized Ti-Mg alloy. Incompletely reduced 7,iGrom the CSIR copyrighted
MCP processyas largely resistant to dissolution in the inoigaatids. For the same
conditions, the other powders (Ti-20Mg, MgO and FNg) were dissolving to a
great extent effectively meaning the synthesizeMgjiwas also being lost due to co-

dissolution.

Two acid combinations were used for recovery otisgsized Ti-Mg alloy powder in
organic acids, namely equi-molar oxalic/ascorbicid®&c and equi-molar
cysteine/ascorbic acids. The oxalic/ascorbic acihlmnation was found ineffective
in Ti-Mg alloy powder recovery. Tighowder was very resistant to dissolution across
all the concentration ranges. The other powdersehaMgO, Ti-20Mg and Ti@-Mg

(Mg was common to all of them), all gained in masth increased concentration.

This was because of hydrolysis of the Mg compoteMg(OH).
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There was some degree of success in dissolving@f ih cysteine/ascorbic acids
combination. Most of the Ti©Owas dissolved at higher concentrations. However,
milled TiO,-Mg was drastically dissolved for the same leactapeters while MgO,
which dissolved with ease in inorganic acids, was aompletely dissolved even at
higher concentrations. This in point of fact meé#mdt thecysteine/ascorbic acids
combination was not able to effect recovery ofgimethesized Ti-Mg alloy powder as
there was high co-dissolution of the alloy powdemell as contamination from the

incompletely dissolved MgO and TiO
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CHAPTER 5

5.0 Conclusions and Recommendations

5.1 Conclusions

It was noted that the high cost of Ti metal is doethe current Kroll Process for
refining titanium ore which is a labour intensivaulti-step, high temperature batch
process with low productivity. Literature also 8luated that there is need for lighter
titanium alloys for instance in biomedical applioas, and in aerospace applications.
Consequently, and for this particular research wonkchanochemical processing
(MCP) of TiO, with 15wt.% excess Mg was done to produce a TidWigy (which is
lighter than Ti metal), and should be relativelyeaper since Ti bearing precursor
(rutile) is not from the expensive Kroll processheT MCP technique, however,
resulted in the production of a Ti-Mg alloy powdehnich was intimately mixed with
other powders like MgO, unreacted Fi@nd minute amounts of unreacted Mg. The
thrust of this project was to hydrometallurgicatlgcover the Ti-Mg alloy powder
through the selective dissolution of the waste andhreacted powders from the

MCP process.

Sulphuric acid, hydrochloric acid, equimolar asoordcid/oxalic acids, equimolar I-
cysteine/ascorbic acids were used in the dissolutvork. The dissolution periods
were fixed while the concentrations of the diffdresach media were manipulated to
create conditions favourable for the dissolutiontloé by products of the MCP

process, and the preservation of the Ti-Mg alloyger.
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5.1.1 Dilute inorganic acids

Dilute inorganic acid dissolution of waste by-protiuof the MCP process to recover
a clean Ti-Mg alloy proved unsuccessful since ;M@s resistant to dissolution while
Ti-20Mg and TiQ-Mg were virtually dissolved out. The dilute acidsed were

H,SO,, HCI and aqua regia.

In the concentration ranges used, (0.1 — 1.3M acabisthree dissolution media),
unreacted TiQwaste powder did not dissolve out to a larger ex#ésnenvisaged in
the research postulation. Thus 16 — 36%;Td3solved in HCI, 20 — 39% in 80,
and 13 — 21% in aqua regia. This means that um#esame conditions, and on the
milled TiO,-Mg powder, at least 61% of the unreactedli€nain undissolved in all
the three leach reagents. However, the other wasteler (MgO), showed ease of
dissolution as it was completely leached out irtlake reagents at medium to higher

concentrations.

For the Ti-20Mg alloy synthesized from blended edatal (BE) powders, the
dissolution percentage ranges were 10 — 69% in BICkE 88% in HSO,, and 11 —
31% in aqua regia. The control alloy powder wasalisng rather drastically where
TiO, showed marked dissolution resistance. MCP prodesE®.-Mg (which
contains MgO (53.6 %), unreduced Fi(B.7 %) and Ti-Mg alloy (40.7 %): Appendix
A2) had heavy dissolution percentages in all tHateliinorganic acids considered.
These were 3 — 78% in HCI, 53 — 83% g9y, and 20 — 70% in aqua regia. As the
theoretical proportion of Ti-Mg alloy in milled TgEMg was calculated to be 40.7%,
this effectively meant the alloy also dissolved stahtially. This is supported by the

drastic dissolution of the control Ti-20Mg from nhemically alloyed BE powders.
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5.1.2 Concentrated sulphuric acid with enhancers
Concentrated +BO, separately mixed with two dissolution enhancinggesds,
namely 0.1M HF and 0.06M (NSO, was used for dissolution of the powders in

the range 3M — 6M.

TiO, showed marked dissolution resistance in both mageFor HSO, (with
(NH4)2SOy), 35 — 38% was dissolved; while for,$0, (with HF), 37 — 39% was
dissolved in the concentration range considereds fidlowed that the final product
from MCP processed and leached F@g had a lot of contamination from the
undissolved Ti@ On the contrary, both Ti-20Mg alloy and MCP presed TiQ-Mg
showed severe dissolution in both reagents (590%610i — 20Mg in HSO, with HF,
59 — 97% TiQ-Mg in H,SO, with HF; 60 — 84% Ti — 20Mg in $80O, with
(NH4)2SOy, 53 — 64% TiQ — Mg in bSO, with (NH4).SOy). As the proportion of Ti-
Mg alloy in milled TiQ-Mg is 40.7%, severe dissolutions of this level nighat it
was the alloy to be preserved and recovered whissolbed rather than the TiO
MgO was completely dissolved in all the concenbratranges across both reagents.
Thus the overall scenario with concentrategb®: with dissolution enhancers was
that the leached product will be contaminated Wit®, unreduced during the MCP
process, and that there will be unacceptable loskdse value Ti-Mg alloy powder
through its inadvertent co-dissolution. ConcenttdteSO, with dissolution enhancers
cannot, therefore, be used to efficiently and sssitdély recover Ti-Mg alloy powder

from the waste products of the MCP process.
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5.1.3 Equimolar organic acids

Equimolar cysteine/ascorbic acids, and equimolalickascorbic acids were the two
organic acid combinations used in the Ti-Mg powtdeovery leach experiments.
MgO is generally easy to dissolve relative to othrddes in other reagents. However,
equimolar cysteine/ascorbic acid could not leadhlibut; only 27 — 87% MgO was
dissolved in the concentration range investigatith equimolar oxalic/ascorbic
acids, MgO residue proportion actually increasetth Wwicreased concentration due to
hydrolysis to the hydroxide. Consequently, Ti-M@qguct from either of these leach
reagents will be expected to be heavily contamthatgh the oxides/hydroxides of

magnesium.

Another waste powder, unreduced 7i@as not totally leached out in either leach
media. There was some degree of success on leati@ngQ, (71% leached out) in
cysteine/ascorbic acids but 90% of FiMlg was also dissolved at the same
parameter. This Ti®Mg contained 40.7% Ti-Mg alloy (Appendix A2), sbig
effectively meant Ti-Mg alloy powder also co-dissad to a larger extent. This was
also supported by the independent Ti-20Mg fromyatbBE powders which showed

a large dissolution of 16 — 41% under the samericgecid concentration range.

Equimolar organic acids, therefore, can not efietyi be used to separate MCP
synthesized Ti-Mg alloy from the waste products.e T&lloy will inevitably be
contaminated to a great extent, and a substantreduat will be lost through

unintended co-dissolution.
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5.1.4 Combined inorganic/organic acids

HCI freshly mixed with equimolar cysteine/ascorbds on a 50% basis was used
for the MCP synthesized Ti-Mg hydrometallurgicabaeation, in a concentration
range 0.075 — 0.75M. HCI and equimolar cystein@fdsc acids had individually

shown some potential for Ti-Mg alloy powder recovpom waste powders.

TiO, was not dissolved to a big extent as only 17 — 2286 leached out in the
concentration range investigated. MgO showed ligbse of dissolution at low
concentrations with only 21 — 59% dissolved, whietentually got to 100%
dissolution at 0.75M. In the same concentrationgearthe control Ti-Mg alloy
powder did not show much dissolution (15 — 31%),leviiiO,-Mg inadvertently

dissolved to a large extent (1 — 77%).

5.2 Summary of conclusions
From the study carried out on recovery of MCP sgsited Ti-Mg alloy powder
using organic and inorganic acids it was conclutthedt

* Recovery of the alloy with inorganic acids (HCI adgS0O,, and aqua regia)
was not possible since as high as 80% of the miliedg alloy powder was
co-dissolved, yet Ti@was still undissolved for the same conditions.

* Recovery of Ti-Mg powder was also not achieved dégching with organic
acids; the species MgO showed marked resistancissolution and hence
would contaminate the alloy powder.

* Isolation of the Ti-Mg alloy powder using combingll/organic acids was
not effective; TiQ resisted dissolution while there was drastic cealigion

of MCP TiO,-Mg (and hence the alloy therein).
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Ti-Mg alloy powder was not recovered using concaett HSO, with
dissolution enhancers. The leached product wasaponated with TiQ
unreduced during the MCP process. There was alaoceptable loss of the

value Ti-Mg alloy powder through its inadvertentdissolution.

5.3 Recommendations

It is recommended to optimise the MCP process heigge a powder with the
least amount of insufficiently reduced RO

It is recommended to investigate on cyclic leachimigh different leach
reagents. Different reagents attack the powderferdritly, some more (or
less) drastically than others. It could be posstbleselect a variety of leach
reagent combinations and durations which will ledve pure Ti-Mg alloy
while maximizing dissolution of the waste powders.

Sequential dissolution of the waste powders inedd#ht leach media is
recommended. Some leach media like inorganic g&ldSO,, HCI and aqua
regia) were good at dissolving out MgO, while othBke cysteine/ascorbic
acids were effective in dissolving Ti@ a great extent (71%). Combining the
potentially effective reagents to form one reag#idtnot work as evidenced
by the results from HCI mixed with equimolar cystfascorbic acids on a
50% basis. Thus, sequential dissolution using tbeernpromising reagents is
envisaged to incrementally remove all the wastedsys/while preserving the
value Ti-Mg alloy powder.

The development of a hydrometallurgical cleaningocpss for MCP
synthesized Ti-Mg is still evolutionary; with equahar cysteine/ascorbic acid

tests being a pointer towards a direction in whlstart looking further. It is
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thus recommended to generate speciation behavaiarfdr both Ti and Mg
in future proposed media of leaching; where bosidiee and solution analysis

is conducted to close the mass balance of varjpeses.
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Appendices

APPENDICES
Appendix Al: Milled sample calculations

Relative Molecular Masses (RMM)

Substance RMM
Ti 47.9
Mg 24.3
TiO2 79.9
MgO 40.3

Stoichiometric reaction of TiQwith Mg:
TiO, +2Mg = Ti + 2MgO
(79.99) + (48.619) = (80.6g) + (47.99)
Thus for stoichiometric quantities, 47.9g Ti is gysized (assuming 100%
conversion)
To this amount of Ti 15wt.% Mg (excess) was added:
(15/100) x 47.9 = 7.199
Total Mg to be added = stoichiometric amount + egcmount
= 48.61g + 7. 19g
= 55.8¢
Therefore total amount of powder blend milled =smaf TiQ + total Mg
=79.9 + 55.8
=135.79
Appendix A2: Calculation of proportion of Ti-Mg synthesized
TiO, +2Mg = Ti + 2MgO

(79.99) + (48.61g) = (80.6g) + (47.99)
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From Equation 5.1 (Lai et al, 2002) Ti€bonversion was 90.4%
Mass of TiQin the milled blend = 79.9¢g
Mass of TiQ converted = (90.4/100) x 79.9
=72.29
Mass of unreacted TigG= 79.9 — 72.2
=7.7¢
Masses of products formed
MgO = (72.2/79.9) x 80.6
=72.99
Ti = (72.2/79.9) x 47.9
=43.3g
Amount of Mg that reacted to form MgO
= ((72.9/79.9) x 48.6
=44.3¢g
Amount of free Mg = 55.8 — 44.3
=11.5g
This free Mg is assumed to all go into solutioin
Thus mass of Ti-Mg alloy formed
=43.3+ 115
= 54.8¢
Therefore mass of MgO formed
= (44.3/48.61) x 80.6

= 73.5g

Appendices
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Therefore phases in the milled product, and thepréportions

Product

Mass (g)

Proportion (%)

TiO, (unreacted)

7.7

5.7

MgO

73.5

53.6

Ti-Mg

54.8

40.7

Appendix B1: Raw PSA Data for unmilled TiO,- Mg powders
Table B1: PSA results for unmilled TiO,-Mg powder mixture

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.010 0.00 0.080 0.00 0.634 8.07 5.053 19.67 40.244 53.79 320.535 100.00
0.011 0.00 0.090 0.00 0.717 9.42 5.709 20.06 45.469 59.71 362.148 100.00
0.013 0.00 0.102 0.00 0.810 10.76 6.450 20.50 51371 65.87 409.163 100.00
0.014 0.00 0.115 0.00 0.915 12.04 7.287 21.00 58.041 72.05 462.281 100.00
0.016 0.00 0.130 0.00 1.034 1324 8.233 21.56 65.575 78.01 522.296 100.00
0.018 0.00 0.147 0.00 1.168 1431 9.302 22.20 74.089 83.52 590.102 100.00
0.021 0.00 0.166 0.00 1.320 15.26 10,510 2294 83.707 88.38 666.711 100.00
0.024 0.00 0.187 0.03 1.491 16.05 11.874 2381 94.574 92.45 753.265 100.00
0.027 0.00 0.211 0.16 1684 16.71 13.416 24.85 106.852 95.64 851.056 100.00
0.030 0.00 0.239 0.46 1.903 17.24 15.157 26.14 120.724 97.95 961.542 100.00
0.034 0.00 0.270 0.89 2.150 17.66 17.125 27.74 136.397 99.43 1086.372 100.00
0.038 0.00 0.305 150 2.429 18.00 19.348 29.75 154.104 100.00 1227.408 100.00
0.043 0.00 0.345 2.27 2.745 18.28 21.860 3224 174.110 100.00 1386.753 100.00
0.049 0.00 0.389 320 3.101 1853 24.698 35.30 196.714 100.00 1566.785 100.00
0.055 0.00 0.440 427 3.503 18.77 27.904 38.99 222.251 100.00 1770.189 100.00
0.062 0.00 0.497 5.45 3.958 19.04 31.527 43.32 251.105 100.00 2000.000 100.00
0.070 0.00 0.561 6.73 4.472 19.33 35.620 48.28 283.704 100.00

Particle Size Distribution
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—TiO2+Mg zero hrs - Awverage, Thursday, October 02, 2008 4:35:14 PM

Figure B1: Graph of Volume (%) vs Particle Size (mérons) for unmilled powder
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Appendix B2: Raw PSA Data for TiO,- Mg powder milled for 2 hours
Table B2: PSA results for TiQ- Mg powder milled for 2 hours

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.010 0.00 0.080 0.00 0.634 0.00 5.053 2.00 40.244 50.49 320.535 99.93
0.011 0.00 0.090 0.00 0.717 0.00 5.709 234 45.469 58.75 362.148 99.99
0.013 0.00 0.102 0.00 0.810 0.00 6.450 2.68 51.371 66.81 409.163 100.00
0.014 0.00 0.115 0.00 0.915 0.00 7.287 3.02 58.041 74.31 462.281 100.00
0.016 0.00 0.130 0.00 1.034 0.00 8.233 3.38 65.575 80.98 522.296 100.00
0.018 0.00 0.147 0.00 1.168 0.00 9.302 378 74.089 86.62 590.102 100.00
0.021 0.00 0.166 0.00 1.320 0.01 10.510 431 83.707 91.11 666.711 100.00
0.024 0.00 0.187 0.00 1.491 0.05 11.874 5.04 94.574 94.48 753.265 100.00
0.027 0.00 0.211 0.00 1.684 0.12 13.416 6.12 106.852 96.83 851.056 100.00
0.030 0.00 0.239 0.00 1.903 0.20 15.157 7.68 120.724 98.26 961.542 100.00
0.034 0.00 0.270 0.00 2.150 031 17.125 9.89 136.397 98.97 1086.372 100.00
0.038 0.00 0.305 0.00 2429 0.45 19.348 1291 154.104 99.24 1227.408 100.00
0.043 0.00 0.345 0.00 2.745 0.62 21.860 16.87 174.110 99.38 1386.753 100.00
0.049 0.00 0.389 0.00 3.101 0.83 24.698 21.84 196.714 99.45 1566.785 100.00
0.055 0.00 0.440 0.00 3.503 1.08 27.904 27.83 222.251 99.54 1770.189 100.00
0.062 0.00 0.497 0.00 3.958 136 31.527 34.73 251.105 99.65 2000.000 100.00
0.070 0.00 0.561 0.00 4.472 167 35.620 42.38 283.704 99.80

Particle Size Distribution
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Figure B2: Volume (%) vs Particle Size (microns), miling duration 2 hours

Appendix B3: Raw PSA Data for TiO,- Mg powder milled for 4 hours
Table B3: PSA results for TiQ- Mg powder milled for 4 hours

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.010 0.00 0.080 0.00 0.634 1.23 5.053 22.98 40.244 87.15 320.535 99.81
0.011 0.00 0.090 0.00 0.717 152 5.709 25.69 45.469 89.47 362.148 99.91
0.013 0.00 0.102 0.00 0.810 1.88 6.450 28.65 51.371 91.50 409.163 99.98
0.014 0.00 0.115 0.00 0.915 234 7.287 31.88 58.041 93.27 462.281 100.00
0.016 0.00 0.130 0.00 1.034 290 8.233 35.39 65.575 94.80 522.296 100.00
0.018 0.00 0.147 0.00 1.168 358 9.302 39.20 74.089 96.10 590.102 100.00
0.021 0.00 0.166 0.00 1.320 4.39 10.510 43.29 83.707 97.17 666.711 100.00
0.024 0.00 0.187 0.00 1.491 5.34 11.874 47.63 94.574 98.00 753.265 100.00
0.027 0.00 0.211 0.04 1.684 6.43 13.416 52.16 106.852 98.60 851.056 100.00
0.030 0.00 0.239 0.12 1.903 7.66 15.157 56.78 120.724 98.97 961.542 100.00
0.034 0.00 0.270 0.21 2.150 9.04 17.125 61.42 136.397 99.15 1086.372 100.00
0.038 0.00 0.305 0.30 2429 10.57 19.348 65.96 154.104 99.22 1227.408 100.00
0.043 0.00 0.345 041 2.745 12.24 21.860 70.31 174.110 99.28 1386.753 100.00
0.049 0.00 0.389 0.52 3.101 14.06 24.698 74.39 196.714 99.35 1566.785 100.00
0.055 0.00 0.440 0.65 3.503 16.04 27.904 78.13 222.251 99.45 1770.189 100.00
0.062 0.00 0.497 0.81 3.958 18.17 31.527 81.50 251.105 99.56 2000.000 100.00
0.070 0.00 0.561 1.00 4.472 20.48 35.620 84.50 283.704 99.69
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Volume (%)

Particle Size Distribution
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Figure B3: Volume (%) vs Particle Size (microns), miling duration 4 hours

Appendix B4: Raw PSA Data for TiO,- Mg powder milled for 8 hours
Table B4: PSA results for TiQ- Mg powder milled for 8 hours

Particle Size (um)

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.010 0.00 0.080 0.00 0.634 0.99 5.053 20.28 40.244 81.99 320.535 94.85
0.011 0.00 0.090 0.00 0.717 118 5.709 2354 45.469 84.06 362.148 95.20
0.013 0.00 0.102 0.00 0.810 142 6.450 27.17 51.371 86.01 409.163 95.76
0.014 0.00 0.115 0.00 0.915 173 7.287 3113 58.041 87.84 462.281 96.59
0.016 0.00 0.130 0.00 1.034 210 8.233 35.39 65.575 89.51 522.296 97.63
0.018 0.00 0.147 0.00 1.168 2.56 9.302 39.86 74.089 90.99 590.102 98.78
0.021 0.00 0.166 0.00 1.320 311 10.510 44.46 83.707 92.25 666.711 99.87
0.024 0.00 0.187 0.00 1.491 377 11.874 49.07 94574 93.24 753.265 100.00
0.027 0.00 0.211 0.04 1.684 454 13.416 53.59 106.852 93.96 851.056 100.00
0.030 0.00 0.239 011 1.903 5.44 15.157 57.92 120.724 94.41 961.542 100.00
0.034 0.00 0.270 0.20 2.150 6.49 17.125 61.98 136.397 94.58 1086.372 100.00
0.038 0.00 0.305 0.29 2429 7.70 19.348 65.71 154.104 94.59 1227.408 100.00
0.043 0.00 0.345 0.38 2.745 9.12 21.860 69.10 174.110 94.59 1386.753 100.00
0.049 0.00 0.389 0.48 3.101 10.76 24.698 7217 196.714 94.59 1566.785 100.00
0.055 0.00 0.440 0.58 3.503 12.66 27.904 74.94 222.251 94.59 1770.189 100.00
0.062 0.00 0.497 0.70 3.958 14.86 31527 77.47 251.105 94.60 2000.000 100.00
0.070 0.00 0.561 0.83 4.472 17.39 35.620 79.80 283.704 94.67
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Figure B4: Volume (%) vs Particle Size (microns), miling duration 8 hours
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Appendix B5: Raw PSA Data for TiO,- Mg powder milled for 16 hours
Table B5: PSA results for TiQ- Mg powder milled for 16 hours

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.010 0.00 0.080 0.00 0.634 113 5.053 27.69 40.244 86.20 320.535 90.05
0.011 0.00 0.090 0.00 0.717 139 5.709 3175 45.469 86.92 362.148 90.05
0.013 0.00 0.102 0.00 0.810 173 6.450 36.15 51.371 87.56 409.163 90.05
0.014 0.00 0.115 0.00 0.915 216 7.287 40.83 58.041 88.13 462.281 90.05
0.016 0.00 0.130 0.00 1.034 270 8.233 4573 65.575 88.64 522.296 90.05
0.018 0.00 0.147 0.00 1.168 3.36 9.302 50.75 74.089 89.08 590.102 90.06
0.021 0.00 0.166 0.00 1320 4.16 10.510 55.75 83.707 89.44 666.711 90.12
0.024 0.00 0.187 0.04 1491 512 11.874 60.63 94.574 89.71 753.265 90.31
0.027 0.00 0.211 0.11 1.684 6.25 13.416 65.23 106.852 89.89 851.056 90.79
0.030 0.00 0.239 0.18 1.903 7.56 15.157 69.46 120.724 90.01 961.542 91.73
0.034 0.00 0.270 0.27 2.150 9.08 17.125 7320 136.397 90.05 1086.372 9325
0.038 0.00 0.305 0.35 2429 10.83 19.348 76.42 154.104 90.05 1227.408 95.21
0.043 0.00 0.345 0.45 2.745 12.83 21.860 79.10 174.110 90.05 1386.753 97.24
0.049 0.00 0.389 0.54 3.101 1512 24.698 81.26 196.714 90.05 1566.785 98.87
0.055 0.00 0.440 0.65 3503 17.73 27.904 82.96 222.251 90.05 1770.189 99.76
0.062 0.00 0.497 0.77 3.958 20.69 31.527 84.29 251.105 90.05 2000.000 100.00
0.070 0.00 0.561 0.93 4472 24.00 35.620 85.34 283.704 90.05

Particle Size Distribution
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FigureB5: Volume (%) vs Particle Size (microns), miing duration 16 hours

Appendix B6: Raw PSA Data for TiO,- Mg powder milled for 24 hours
Table B6: PSA results for TiO- Mg powder milled for 24 hours

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.010 0.00 0.080 0.84 0.634 6.40 5.053 4312 40.244 94.23 320.535 100.00
0.011 0.00 0.090 1.10 0.717 7.17 5.709 46.69 45.469 95.26 362.148 100.00
0.013 0.00 0.102 1.38 0.810 813 6.450 50.42 51371 96.19 409.163 100.00
0.014 0.00 0.115 169 0.915 9.29 7.287 54.30 58.041 97.06 462.281 100.00
0.016 0.00 0.130 2.00 1.034 10.66 8.233 58.29 65.575 97.85 522.296 100.00
0.018 0.00 0.147 2.32 1.168 12.24 9.302 62.33 74.089 98.55 590.102 100.00
0.021 0.00 0.166 2.65 1.320 14.02 10.510 66.37 83.707 99.13 666.711 100.00
0.024 0.00 0.187 297 1.491 15.98 11.874 70.31 94.574 99.57 753.265 100.00
0.027 0.00 0.211 3.28 1.684 18.09 13416 74.09 106.852 99.87 851.056 100.00
0.030 0.01 0.239 357 1.903 20.35 15.157 77.62 120.724 99.97 961.542 100.00
0.034 0.03 0.270 3.85 2.150 2273 17.125 80.85 136.397 100.00 1086.372 100.00
0.038 0.07 0.305 4.10 2429 2523 19.348 83.73 154.104 100.00 1227.408 100.00
0.043 0.12 0.345 4.35 2.745 27.85 21.860 86.24 174.110 100.00 1386.753 100.00
0.049 0.20 0.389 461 3.101 30.60 24.698 88.39 196.714 100.00 1566.785 100.00
0.055 0.31 0.440 4.92 3.503 33.48 27.904 90.22 222.251 100.00 1770.189 100.00
0.062 0.44 0.497 5.30 3.958 36.53 31.527 91.76 251.105 100.00 2000.000 100.00
0.070 0.62 0.561 5.78 4.472 39.73 35.620 93.08 283.704 100.00
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Particle Size Distribution

Volume (%)
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Figure B6: Volume (%) vs Particle Size (microns)milling duration 24 hours

Appendix B7: Raw PSA Data for TiO,- Mg powder milled for 32 hours
Table B7: PSA results for TiQ- Mg powder milled for 32 hours

Size(um) %Chan % Pass Size(um) %Chan % Pass
2000 0.00 100.00 5.50 5.74 31.75
1674 0.00 100.00 4.62 5.16 26.01
1408 0.00 100.00 3.89 4.62 20.85
1184 0.00 100.00 3.27 4.05 16.23
995.5 0.00 100.00 2.750 3.41 12.18
837.1 0.00 100.00 2.312 2.75 8.77
703.9 0.00 100.00 1.944 2.13 6.02
591.9 0.00 100.00 1.635 1.58 3.89
497.8 0.00 100.00 1.3751.11 2.31
418.6 0.00 100.00 1.156 0.74 1.20
352.0 0.00 100.00 0.972 0.46 0.46
296.0 0.00 100.00 0.817 0.00 0.00
248.9 0.00 100.00 0.687 0.00 0.00
209.3 0.00 100.00 0.578 0.00 0.00
176.0 0.00 100.00 0.486 0.00 0.00
148.0 0.00 100.00 0.409 0.00 0.00
124.4 0.00 100.00 0.344 0.00 0.00
104.6 0.00 100.00 0.2890 0.00 0.00
87.99 0.00 100.00 0.2430 0.00 0.00
73.99 0.00 100.00 0.2040 0.00 0.00
62.22 0.00 100.00 0.1720 0.00 0.00
52.32 0.35 100.00 0.1450 0.00 0.00
44.00 0.72 99.65 0.1220 0.00 0.00
37.00 1.51 98.93 0.1020 0.00 0.00
31.11 2.68 97.42 0.0860 0.00 0.00
26.16 3.98 94.74 0.0720 0.00 0.00
22.00 5.33 90.76 0.0610 0.00 0.00
18.50 6.76 85.43 0.0510 0.00 0.00
15.55 8.00 78.67 0.0430 0.00 0.00
13.08 8.52 70.67 0.0360 0.00 0.00
11.00 8.56 62.15 0.0300 0.00 0.00
9.25 8.03 53.59 0.02550 0.00 0.00
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7.78 7.30 45.56 0.02150 0.00 0.00
6.54 6.51 38.26 0.01810 0.00 0.00
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Figure B7: % Passing vs Particle Size (microns), ning duration 32 hours

Appendix B8: d10, d50 and d90 particle sizes for bihe powders

Table B1: Results of Particle Size Analysis

Milling d(0.1) um | d(0.5) um d(0.9) Specific Weighted
hours _ _ _ surface residual
microns microns microns
area nf/g (%)
0 0.755 37.050 87.607 2.010 0.967
2 17.210 39.952 80.959 0.221 1.012
4 2.324 12.663 46.868 1.130 0.609
8 2.937 12.172 68.146 0.997 0.859
16 2.298 9.135 119.722 1.230 0.704
24 0.977 6.364 27.467 4.100 0.720
32 2471 8.580 2141 - -
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Appendix C1: XRD data for unmilled TiO,- Mg powders
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Figure C1: XRD pattern for unmilled TiO »,-15Mg
Table C1: Peak List

Pos. Height FWHM d-spacing Rel.Int.  Tip width  Matched
[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] by

25,2983 1881,21 0,1771 3,52057 100,00 0,1800 00-004-
32,1687 378,26 0,1574  2,78264 20,11 0,1600 009043757-
34,3880 794,42 0,1968 2,60797 42,23 0,2000 00-0083251-
36,6062  1685,11 0,1378  2,45487 89,58 0,1400 009083251-
37,7901 357,32 0,1968  2,38064 18,99 0,2000 00-0080241-
38,5569 105,63 0,1968 2,33505 5,62 0,2000 009040747-
47,7999 307,43 0,0720  1,90131 16,34 0,0600 00-0043757-
48,0044 523,22 0,0984 1,89526 27,81 0,1000 00-0080241-
53,8631 275,65 0,1574  1,70213 14,65 0,1600 009040747-
55,0215 263,46 0,1181  1,66900 14,00 0,1200 00-0040747-
57,3307 196,50 0,1378 1,60715 10,45 0,1400 009043757-
62,0550 51,25 0,1181  1,49566 2,72 0,1200 00-0080241-
62,6538 215,02 0,1574 1,48280 11,43 0,1600 00-0040747-
63,0253 280,06 0,1440  1,47373 14,89 0,1200 OOSOZSZSZ—
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Table C2: Identified Patterns List

Visible  Ref. Code Score Compound Displaceme Scale Factor Chemical

Name nt [°2Th.] Formula
* 00-035-0821 64 Magnesium -0,038 0,957 Mg
* 00-004-0477 64 Anatase, syn -0,092 0,881 TiO2

Appendix C2: XRD data for TiO,- Mg powders milled for 2 hours
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Figure C2: XRD pattern for TiO »-15Mg milled for 2 hours

Table C3: Peak List

Pos. Height FWHM d-spacing Rel.Int.  Tipwidth  Matched
[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] by

25,5447 234,14 0,2755 3,48717 100,00 0,2800 00-004-

0477

32,3911 58,95 0,4723 2,76404 25,18 0,4800 00-035-

0821

34,6454 69,52 0,2362 2,58919 29,69 0,2400 00-035-

0821

36,8184 225,93 0,2362 2,44121 96,49 0,2400 00-035-

0821; 00-

004-0477

48,2383 55,29 0,4723 1,88661 23,61 0,4800 00-035-

0821; 00-

004-0477
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54,2230 27,20 0,6298 1,69168 11,62 0,6400 00-004-
0477
55,2814 30,45 0,4723 1,66177 13,00 0,4800 00-004-
0477
57,5741 23,82 0,4723 1,60093 10,17 0,4800 00-035-
0821
63,0361 34,40 1,1520 1,47350 14,69 0,9600 00-035-
0821; 00-
004-0477
Table C4: Identified Patterns List
Visible  Ref. Code Score Compound Displaceme Scale Factor Chemical
Name nt [°2Th.] Formula
00-035-0821 77 Magnesium 0,170 0,920 Mg
* 00-004-0477 39 Anatase, syn -0,143 0,336 TiO2
Appendix C3: XRD data for TiO,- Mg powders milled for 16 hours
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Figure C3: TiO,-15Mg milled for 16 hours
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Table C5: Peak List

Appendices

Pos. Height FWHM d-spacing Rel.Int.  Tipwidth  Matched
[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] by
25,4432 103,45 0,1574 3,50086 97,80 0,1600
34,5264 20,81 0,4723 2,59783 19,67 0,4800 00-035-
0821
36,6594 105,78 0,5510 2,45143 100,00 0,5600 00-035-
0821, 00-
021-1272
47,9851 15,83 0,4723 1,89598 14,97 0,4800 00-035-
0821, 00-
021-1272
61,9214 28,27 1,1520 1,49733 26,72 0,9600 00-021-
1272
Table C6: Identified Patterns List
Visible  Ref. Code Score Compound Displaceme Scale Factor Chemical
Name nt [°2Th.] Formula
00-035-0821 38 Magnesium 0,240 0,622 Mg
* 00-021-1272 7 Anatase, syn -0,609 0,250 Ti 02
Appendix C4: XRD data for TiO,- Mg powders milled for 24 hours
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Figure C4: TiO,-15Mg milled for 24 hours
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Table C7: Peak List

Pos. Height FWHM d-spacing Rel.Int.  Tipwidth  Matched
[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] by
10,4986 17,44 0,9446 8,42655 10,57 0,9600
25,3465 30,40 0,2362 3,51400 18,42 0,2400
34,6700 132,53 0,0480 2,58526 80,31 0,0400
42,4937 165,02 0,5760 2,12563 100,00 0,4800 00-045-
0946

Table C8: Identified Patterns List

Visible  Ref. Code Score Compound Displaceme Scale Factor Chemical
Name nt [°2Th.] Formula

* 00-045-0946 35 Periclase, -0,387 0,734 MgO
syn

Appendix C5: XRD data for TiO,- Mg powders milled for 32 hours
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Figure C5: TiO,-15Mg milled for 32 hours
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Table C8:Peak List

Pos. Height FWHM d-spacing Rel.Int.  Tip width Matched
[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] by

25,2110 150,00 0,4330 3,53257 86,71 0,4400 01-075-

1537

32,1400 47,00 0,6298 2,78506 27,17 0,6400 01-089-

5003

34,2031 34,00 0,4723 2,62164 19,65 0,4800 01-089-

5003

36,4939 173,00 0,4723 2,46217 100,00 0,4800 01-089-

5003; 00-

045-0946;

01-075-

1537

42,7836 21,00 0,9446 2,11364 12,14 0,9600 00-045-

0946

47,9038 32,00 0,5510 1,89900 18,50 0,5600 01-089-

5003; 01-

075-1537

53,6911 17,00 0,6298 1,70717 9,83 0,6400 01-075-

1537

57,3199 17,49 0,5760 1,60609 10,11 0,4800 01-089-

5003

Table C9: Identified Patterns List

Visible Ref. Code Score Compound Displaceme Scale Factor Chemical

Name nt [°2Th.] Formula
* 01-089- 75 Magnesium -0,123 0,975 Mg
5003
00-045- 33 Periclase, -0,168 0,138 Mg O
0946 syn
* 01-075- 38 Anatase -0,676 0,475 TiO2
1537
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Appendix C6: XRD data for TiO,- Mg powder leached in 1.3M HCI
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Figure C6: TiO,-15Mg leached in 1.3M HCI

Table C12: Peak List

Pos. Height FWHM d-spacing Rel.Int.  Tipwidth  Matched
[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] by
10,2412 30,49 0,4723 8,63772 16,05 0,4800
24,6584 189,98 0,2755 3,61046 100,00 0,2800 01-089-
4921
30,8925 58,09 0,5510 2,89462 30,58 0,5600
35,8097 27,08 0,4723 2,50762 14,25 0,4800 01-089-
4921; 01-
087-0651
36,9671 25,49 0,4723 2,43173 13,42 0,4800 01-089-
4921
41,0099 23,87 0,4723 2,20087 12,56 0,4800
47,4267 28,24 0,2755 1,91698 14,86 0,2800 01-089-
4921
53,2914 42,57 0,4723 1,71903 22,41 0,4800 01-089-
4921
54,8293 37,00 0,9446 1,67440 19,48 0,9600 01-089-
4921
62,1421 15,97 0,9600 1,49254 8,41 0,8000 01-089-
4921
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Table C13: Identified Patterns List

Visible  Ref. Code Score Compound Displaceme Scale Factor Chemical

Name nt [°2Th.] Formula
01-089-4921 77 Anatase, syn -0,688 0,962 TiO2
* 01-087-0651 13 Periclase -1,142 0,097 Mg O

Appendix C7: XRD data for TiO,- Mg powder leached in 0.15M oxalic/ascorbic

acids
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Figure C7: TiO,-15Mg leached in 0.15M oxalic/ascorbic acids

Table C14: Peak List

Pos. Height FWHM d-spacing Rel.Int.  Tipwidth  Matched
[°2Th.] [cts] [°2Th.] [A] [%0] [°2Th.] by
10,1027 45,80 0,0590 8,75581 3,98 0,0600

10,2448 63,59 0,0787 8,63469 5,53 0,0800

18,0516 1149,69 0,1968 4,91421 100,00 0,2000 01-074-

2220

23,0042 84,20 0,2362 3,86621 7,32 0,2400

25,3755 105,07 0,3936 3,51004 9,14 0,4000

26,8927 79,18 0,2755 3,31536 6,89 0,2800

28,0766 479,59 0,1574 3,17820 41,72 0,1600

31,5507 33,04 0,6298 2,83572 2,87 0,6400

35,3113 110,82 0,2362 2,54187 9,64 0,2400

36,3856 48,28 0,6298 2,46925 4,20 0,6400

37,7771 163,37 0,2362 2,38143 14,21 0,2400 01-074-

2220

43,4535 82,96 0,2755 2,08260 7,22 0,2800

44,3788 190,43 0,1771 2,04130 16,56 0,1800

48,9657 130,17 0,1574 1,86027 11,32 0,1600

51,5065 13,83 0,4723 1,77432 1,20 0,4800

53,8791 13,06 0,6298 1,70166 1,14 0,6400
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57,3666 32,59 0,3149 1,60623 2,83 0,3200 01-074-
2220
58,1339 20,99 0,2362 1,58684 1,83 0,2400 01-074-
2220
60,5707 65,65 0,3840 1,52744 5,71 0,3200
Table C15: Identified Patterns List
Visible  Ref. Code Score Compound Displaceme Scale Factor Chemical
Name nt [°2Th.] Formula
01-074-2220 22 Brucite -0,250 0,128 Mg (OH)2
Appendix C8: XRD data for TiO,- Mg powder leached in 0.15M
HCl/cysteine/ascorbic acids
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Figure C8: TiO,-15Mg leached in 0.15M HCl/cysteine/ascorbic acids
Table C16: Peak List
Pos. Height FWHM d-spacing Rel.Int.  Tipwidth  Matched
[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] by
24,7194 71,51 0,4723 3,60170 100,00 0,4800 00-021-
1236
30,7417 29,82 0,7872 2,90848 41,70 0,8000 00-021-
1236
35,9662 38,86 0,7872 2,49707 54,34 0,8000 00-045-
0946; 00-
021-1236
41,8269 29,88 0,9446 2,15974 41,78 0,9600 00-045-
0946; 00-
021-1236
47,3051 8,99 0,9446 1,92163 12,57 0,9600
53,2273 17,06 0,9446 1,72095 23,86 0,9600 00-021-
1236
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54,6801 18,84 1,1520 1,67722 26,34 0,9600 00-021-
1236

Table C17: Identified Patterns List

Visible Ref. Code Score Compound Displacemen Scale Factor Chemical

Name t[°2Th.] Formula
00-045-0946 36 Periclase, -1,041 0,248 Mg O
syn
* 00-021-1236 25 Titanium -0,401 0,274 TiO2
Oxide

Appendix C9: XRD data for TiO,- Mg powder leached in 0.5M HSO,
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Figure C9: TiO,-15Mg leached in 0.5M HSO,

Table C18: Peak List

Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[A] Rel.Int.[%]
Tipwidth[°2Th.] Matched by

25.4071  1450.65 0.2303 3.50575 100.00
0.2763 01-089-4921;00..

27.5063 83.73 0.6140 3.24278 5.77
0.7368

31.4792 467.38 0.5117 2.84200 32.22
0.6140 00-019-1370

32.6647 184.87 0.3070 2.74152 12.74
0.3684 00-019-1370

36.5211 326.90 0.8187 2.46040 22.53
0.9824 00-019-1370;01..

37.5766 198.53 0.6140 2.39367 13.69
0.7368 01-089-4921;00..

41.7334 285.80 0.5117 2.16437 19.70

0.6140 00-019-1370
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42.7270 206.67 0.5117 2.11631 14.25
0.6140 00-019-1370;01..

48.0994 165.97 0.2047 1.89174 11.44
0.2456 01-089-4921

53.9724 352.90 0.2047 1.69894 24.33
0.2456 01-089-4921;00..

55.1613 329.68 0.3070 1.66510 22.73
0.3684 01-089-4921,00..

62.7222 126.78 0.4093 1.48135 8.74
0.4912 01-089-4921;00..

66.3457 129.19 0.8187 1.40896 8.91
0.9824 00-019-1370

82.7042 49.93 0.7488 1.16591 3.44

0.8986 01-089-4921

Table C19: Pattern List

Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula
* 01-089-4921 54 Anatase, syn 0.000
0.887 Ti 02
* 00-019-1370 42 Titanium Oxide 0.000
0.505 Ti 02
* 01-079-0612 21 Magnesium Oxide 0.000
0.101 Mg O
Appendix C10: XRD data for Ti-20Mg leached in 0.5MH,SO,
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Figure C10: Ti-20Mg leached in 0.5M HSO,
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Table C20 Intensities

1518 1444 1387 1444 1446 1479 1411 1376 1385 1429 1415
1427 1346 1413 1377 1353 1369 1378 1347 1391 1322 1342
1306 1311 1330 1391 1353 1278 1336 1347 1247 1289 1319
1304 1259 1208 1243 1261 1142 1291 1225 1272 1243 1203
1244 1251 1290 1247 1230 1193 1208 1257 1204 1288 1243
1204 1186 1177 1164 1184 1212 1145 1148 1174 11081179
1060 1173 1138 1094 1098 1155 1122 1050 1173 1220 1116
1198 1126 1086 1153 1092 1124 1089 1107 1064 1123 1064
1097 1148 1066 1117 1092 1118 1083 1113 1092 1085 1113
1035 1054 1070 1024 1050 1043 1050 1057 1055 1086 1015
1074 1052 997 1059 1024 1046 1035 1043 1028 1023080 981
1020 1062 1000 1033 1013 1083 1029 962 1045 990884012
1003 1017 1030 963 969 971 1016 1051 985 993 99P67 982 986
955 990 1032 979 990 926 929 1000 973 933 882 00a 246 914
932 935 887 972 928 929 932 910 983 887 968 90894894 901
853 937 960 907 871 905 964 865 970 883 901 88@BBBI2 916
933 865 852 916 846 907 910 872 882 895 901 89®€868B53 884
929 838 873 862 857 900 882 825 869 888 823 898689866 849
811 911 839 859 885 820 889 834 841 870 866 821884@45 811
875 809 849 805 800 841 794 817 794 792 780 80B09B42 808
826 832 810 780 793 836 800 809 767 788 836 78@808B01 799
794 745 836 721 801 811 771 836 812 784 743 797799831 794
717 787 708 805 781 775 756 779 807 751 829 798367748 790
751 797 795 780 790 757 753 770 785 778 765 78B0AX29 764
753 750 776 769 733 755 760 758 769 746 767 77JTIBF11 772
744 732 756 749 734 756 775 728 731 763 774 729TBX93 736
738 752 730 737 703 712 712 774 781 759 778 72&%8017/58 710
759 692 738 735 703 770 735 701 695 771 730 694/ 68%63 743
728 723 691 710 677 687 665 716 696 699 727 726B80FH79 670
720 677 736 664 705 697 737 664 699 699 736 75588209 696
730 682 706 697 700 708 700 725 711 760 714 696924684 711
748 673 680 718 687 668 694 705 649 673 625 684486712 711
657 678 695 690 686 658 686 690 705 651 710 67%H8%7712 657
694 675 699 689 734 646 647 679 685 748 686 64 68W®B86 717
640 721 669 715 730 730 617 744 638 683 651 691687%94 723
687 646 662 662 668 706 743 637 687 710 679 651681689 661
710 710 680 629 672 707 655 674 660 680 718 676301693 691
663 665 640 665 657 631 667 699 622 667 689 665301700 684
631 676 693 730 691 670 659 706 625 698 737 66HBABI6 685
717 670 685 688 716 686 681 745 664 718 679 66582585 671
667 637 615 726 691 682 682 664 708 641 652 7017TQ1749 674
711 715 685 698 678 684 716 724 709 700 673 64686677 656
662 648 665 681 663 705 669 653 696 677 646 69H6DLHI3 688
689 681 724 667 670 696 680 642 675 679 683 67HBBR4®47 681
659 672 646 667 664 626 626 633 695 681 630 636G8B81H638 634
631 638 697 619 663 648 665 672 682 620 639 61H683H49 652
626 704 642 605 676 646 587 607 612 647 691 66462585 637
630 630 708 589 594 624 598 614 645 612 638 636893594 604
620 637 676 651 673 652 647 643 645 619 571 60BH84H53 585
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614 641 596 635 650 645 639 643 611 575 641 60666604 649
669 644 634 675 606 608 638 601 581 653 636 64564 609 623
628 583 567 610 666 650 607 609 582 598 603 61584612 620
585 564 615 617 564 610 612 654 590 587 582 60H68%14 624
555 562 593 599 635 616 568 590 576 592 570 574681585 636
603 643 587 563 596 588 579 577 595 566 549 55&88493 572
545 530 560 570 510 558 627 576 544 535 565 58(b88598 571
569 597 568 605 541 585 568 601 625 538 562 56539} 75 536
537 539 558 513 517 551 553 570 526 534 546 5966323 543
544 539 528 534 602 512 570 539 538 561 562 46H33 567 562
467 559 529 489 573 558 555 540 512 545 559 54%96(b87 531
528 517 571 549 557 550 489 498 539 531 507 536:39(h22 528
560 514 543 501 527 517 518 565 521 500 489 583324640 504
514 516 561 532 508 524 556 521 534 586 543 5356862 533
554 539 534 520 494 552 557 551 561 570 570 55465431 541
509 542 567 595 575 545 593 578 573 574 591 50669599 526
571 542 557 584 609 537 591 557 579 569 569 584618043 586
618 574 565 589 622 595 615 580 623 611 587 595662%72 610
590 618 539 641 559 533 570 568 590 566 561 55%H49H51 552
555 551 520 533 527 577 554 472 527 580 565 555483193 505
499 527 535 503 528 471 497 487 513 471 507 486133%H06 453
520 506 500 497 492 471 489 455 462 449 410 4231802453 501
447 434 519 466 466 456 475 468 408 479 435 4531488151 463
447 498 501 462 446 413 438 434 485 438 469 4431383135 416
453 472 476 455 472 449 406 437 425 447 425 488148431 440
431 417 465 435 440 455 419 443 437 437 416 4414890178 415
480 439 473 439 461 468 430 451 487 445 467 4381883183 460
452 429 477 412 471 424 471 472 464 502 483 45H43H16 529
477 486 456 413 524 439 550 466 418 475 512 55538526 523
547 536 520 544 526 513 542 577 584 535 561 55568%89 564
622 600 592 591 595 599 602 618 626 605 599 63®BEAH3I3 602
646 641 649 625 671 655 629 660 646 684 694 644686453 679
703 649 646 642 630 640 643 654 632 670 643 62169%29 639
637 577 613 581 586 592 570 569 592 604 556 61H69GH66 576
574 597 591 531 591 599 562 581 556 512 570 55584522 549
517 548 516 549 544 555 483 510 509 489 515 56 633}H20 516
500 485 477 533 461 524 477 499 472 484 514 53463813179 507
494 500 532 498 487 500 441 516 458 437 479 490190%34 482
478 440 493 496 521 518 477 476 459 469 459 51428176 444
463 473 496 492 494 507 528 480 447 497 509 451486480 458
472 505 496 465 486 441 459 460 443 477 480 44428456 486
445 452 467 412 500 432 457 471 455 432 453 443188 A61 417
424 475 450 459 453 447 468 434 502 438 476 43448393178 457
441 444 443 487 440 458 459 482 468 428 420 4831423104 481
448 466 441 458 448 427 460 470 461 464 437 4631883120 452
442 473 474 487 399 460 450 520 430 433 467 47448430 409
445 418 471 453 496 451 476 426 430 455 446 41102463 447
447 453 417 445 432 443 472 484 436 403 420 4448082102 420
444 422 453 456 415 432 417 415 429 435 422 4214303121 426
423 435 427 383 423 425 406 430 429 410 414 4461208140 467
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439 475 400 441 395 441 454 426 437 395 444 403184436 395
393 401 440 422 442 421 415 392 452 432 412 41882 A32 424
435 428 435 412 426 448 405 419 431 450 446 4313390113 433
413 449 387 370 389 447 411 413 385 438 377 4231882134 458
391 424 433 409 391 416 393 443 378 393 432 388121888 393
417 418 427 405 448 401 422 407 380 432 415 4048368410 433
418 426 394 443 457 429 441 463 410 415 459 4231206144 396
402 385 397 386 447 429 423 380 428 434 433 424132 445 425
362 431 427 434 432 442 381 408 417 381 413 4314608125 415
426 436 444 469 435 428 449 429 447 395 458 421268239 458
452 432 437 451 404 399 442 431 427 412 406 4363824104 392
454 407 415 443 435 443 393 439 455 463 393 42031264458 405
427 441 416 411 425 441 399 377 384 399 423 4244380141 425
434 432 433 434 433 392 435 418 426 394 403 4213801446 441
455 459 412 448 400 416 407 434 432 407 441 3963822430 434
444 413 420 419 386 452 390 383 431 413 416 4331806105 409
402 399 423 463 421 407 445 430 416 449 414 4381431431 423
423 393 413 426 383 430 419 375 442 407 442 40412013123 404
404 459 448 458 449 431 399 473 410 408 420 48148063142 417
418 441 392 401 435 433 408 431 435 441 435 423380159 430
414 437 407 442 469 421 450 453 444 459 418 4644843171 452
423 422 415 438 416 475 433 421 400 448 449 4381384472 443
465 448 424 458 445 455 453 438 443 449 435 4491860154 444
464 448 443 447 412 445 448 466 473 525 445 45480530 504
498 503 521 492 456 504 494 513 480 507 503 4531823183 543
497 520 506 505 500 529 504 438 540 492 539 565381487 523
507 584 532 536 554 538 504 558 570 563 515 565%3%06 589
531 535 551 567 561 556 560 522 532 519 569 53538541 512
512 514 504 490 511 512 491 547 492 534 543 46650506 540
466 479 467 474 464 512 495 436 483 503 453 4931360163 480
466 427 486 491 434 447 447 448 435 493 443 4581865155 464
437 416 417 425 473 461 435 442 401 430 432 438968357 442
417 390 431 417 423 425 388 413 433 401 440 415126(884 384
408 384 410 370 397 411 409 406 428 387 390 3831244887 370
398 399 380 395 398 402 396 419 383 361 361 38A36B93 386
355 380 386 372 375 376 394 350 380 417 330 387398882 344
394 363 354 381 397 365 345 341 405 359 379 37839371 386
374 346 341 371 401 416 362 338 370 334 381 417384350 384
377 339 359 385 353 343 350 354 364 335 358 354832367 323
346 354 347 369 303 340 379 345 311 379 365 34833376 342
352 324 368 360 344 336 360 329 329 302 318 334838149 315
321 332 365 345 337 321 372 336 370 334 343 3383323814 339
325 329 303 311 320 366 361 325 300 329 330 34436336 311
302 340 333 332 332 370 338 352 328 335 345 35(830344 333
361 312 312 327 343 320 322 331 339 317 355 30835320 324
330 348 315 312 343 309 295 350 316 325 290 31329333 317
323 301 327 291 318 285 303 312 302 298 335 3283323809 343
330 292 331 293 333 303 325 353 372 313 306 313685828 328
306 290 273 348 309 345 316 298 328 322 334 30833B39 280
319 328 306 328 339 309 307 334 304 311 297 301BB&B29 296
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304 357 287 324 302 308 332 290 293 315 314 308306342 329
326 325 330 302 316 314 293 329 305 306 349 28883293 326
263 292 325 301 315 345 299 322 305 335 306 31282298 310
320 335 322 336 300 320 313 331 315 337 302 3538223842 321
293 330 322 332 319 309 364 360 330 325 315 29288&93 327
323 344 314 319 321 328 326 324 306 338 294 32235636 294
346 346 338 333 357 307 311 341 331 352 319 33836146 290
328 307 321 324 330 325 331 287 324 327 324 33298806 348
316 296 299 298 298 323 309 272 302 322 285 30433299 343
315 302 288 303 305 306 272 303 312 291 278 282307292 314
305 310 299 328 294 289 330 298 332 297 281 29282277 279
261 300 277 272 296 270 287 292 284 315 279 318232165 295
278 258 313 299 274 297 313 288 291 303 290 31333893 317
282 340 304 296 305 306 305 283 277 239 258 302288&93 302
320 307 308 288 261 285 298 276 298 279 301 292942891 294
304 312 291 280 286 296 302 290 285 281 297 31239170 314
299 286 302 295 266 272 263 313 308 313 262 2723623809 274
295 259 289 261 267 255 288 249 300 285 287 29280®@95 282
298 278 279 298 268 273 239 274 301 262 261 28RA6&R42 254
277 273 247 251 266 280 249 275 299 256 273 25228&70 266
277 261 244 280 241 236 259 254 265 267 234 25@207254 237
257 232 262 278 249 245 277 249 244 248 233 242368244 243
241 233 227 259 262 241 252 254 260 229 230 22823457 280
259 272 254 209 246 266 241 242 264 258 282 22P238@55 271
256 248 247 220 236 239 256 247 239 257 254 272237226 267
280 218 243 240 234 261 250 226 241 258 251 2482240 251
237 238 240 242 246 236 269 232 243 231 247 252223428 230
241 229 214 212 268 256 237 260 244 217 231 242383241 240
258 260 233 235 256 211 257 239 243 202 253 21829160 244
239 240 219 238 253 228 233 240 246 247 270 238234236 261
250 228 246 221 251 253 252 212 228 227 224 227223146 214
230 229 214 229 238 211 245 220 220 231 253 227228233 237
239 235 201 214 224 234 222 231 203 245 228 1922%247 219
226 190 246 225 229 246 208 232 248 233 226 23@223@20 244
227 247 246 210 265 185 197 233 220 272 210 21422820 217
212 226 212 210 223 211 202 225 209 205 206 242207222 218
203 218 222 201 230 220 242 219 235 230 221 21220260 232
223 230 213 218 243 225 232 223 213 217 221 22206221 196
218 235 197 233 226 190 246 216 199 190 247 23(223d97 239
210 221 225 208 221 215 222 205 208 219 214 23228408 225
229 206 214 219 202 218 198 225 216 245 219 19223227 215
213 208 228 219 210 218 233 230 234 224 222 21223608 228
197 203 227 212 192 229 219 217 229 222 210 192394847 240
209 225 233 203 216 194 219 218 237 213 207 21820&55 221
223 241 217 227 206 228 191 229 219 220 216 2112A3114 224
230 212 210 225 205 168 220 232 223 216 213 19828296 222
196 208 213 231 217 200 209 210 223 203 220 20208225 220
217 261 248 231 212 211 243 215 262 220 226 23226419 204
211 232 229 216 240 271 226 239 228 225 238 23233247 258
229 239 213 221 249 216 247 234 225 268 218 2142333246 249
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227 213 246 243 223 219 240 217 216 227 231 23208243 231
227 233 196 225 220 229 217 227 232 254 223 21228231 212
223 224 235 199 229 209 239 220 231 221 209 237228213 248
215 214 234 214 238 234 210 204 216 271 224 22228227 244
228 219 244 209 204 218 240 240 250 206 222 23228&18 204
228 235 228 187 220 218 201 235 256 235 239 232387214 239
194 198 232 241 211 233 247 235 219 202 205 223223024 217
231 243 226 226 247 237 244 224 214 223 230 24@223252 215
211 227 240 216 223 205 258 202 196 232 226 22202215 235
241 230 235 212 232 214 209 222 225 239 206 22225213 226
228 217 233 243 208 260 223 230 213 229 241 23@22819 206
189 231 225 222 209 223 214 251 239 226 253 213228Q@40 225
243 187 228 222 221 242 255 215 239 251 240 2572083209 219
259 237 239 262 223 241 243 226 250 219 222 21238458 213
219 208 226 208 241 218 244 229 249 224 233 22233861 234
228 248 250 206 245 244 238 226 222 223 224 184223243 251
225 238 205 236 237 225 227 228 252 289 217 23&@3&67199 200
229 249 226 256 246 234 257 251 222 232 227 25@30®@38 242
236 247 237 215 247 260 238 242 238 248 228 21820899 220
242 227 241 241 227 242 241 238 248 209 227 25£23@37 235
222 238 227 234 277 230 216 225 260 224 254 25@39245 234
248 232 243 206 208 228 215 263 246 264 240 21834®@67 251
228 230 244 216 265 256 266 245 268 212 207 212861232 226
241 254 226 273 281 222 229 251 241 233 250 228287235 240
265 242 247 230 248 256 260 217 253 256 256 228233®@49 272
258 231 234 241 244 239 245 223 243 235 207 24236&61 244
252 236 226 228 252 244 262 227 249 231 261 24233@47 221
244 262 212 264 230 245 249 243 270 240 262 27233241 235
259 235 239 230 270 242 261 249 236 271 261 227230260 262
275 233 263 247 230 249 246 238 255 231 261 228287239 232
259 228 249 229 260 228 260 266 237 246 241 2272397213 228
230 239 287 232 250 250 235 266 223 272 262 223220283 251
250 247 252 253 274 226 242 253 262 258 243 237223461 256
249 239 240 244 225 250 257 268 266 233 245 264234830 282
282 265 260 283 273 282 236 261 268 255 271 232231B06 250
280 271 284 281 258 235 257 257 251 285 238 26238266 256
245 273 249 285 239 280 281 258 276 275 253 24221246 256
227 263 255 285 281 234 261 258 245 254 237 26288228 246
223 247 233 239 232 237 258 253 263 246 261 221225225 248
259 235 244 244 237 225 253 229 257 237 244 250384826 234
240 232 253 254 248 222 238 249 242 249 233 23223222 240
231 241 248 219 238 246 234 245 250 262 237 231238&18 257
238 257 251 246 233 224 263 213 252 245 238 23234240 246
212 234 245 263 214 244 252 222 240 234 255 24222863 236
240 264 202 221 205 252 248 233 228 216 260 23222209 245
267 237 226 252 238 257 214 228 259 237 217 201198259 238
219 233 245 236 240 205 223 228 248 274 275 25223®@28 219
232 234 210 232 224 254 256 226 212 246 239 2422352 247
236 231 251 243 247 235 242 243 227 252 273 23228227 223
242 240 228 232 219 233 225 252 244 260 236 24228216 237
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235 251 250 217 239 267 240 199 255 269 216 23232456 250
209 249 211 265 256 226 239 265 242 250 253 26225024 241
263 269 235 250 249 294 258 237 252 278 234 25224240 252
249 242 265 248 247 243 230 271 252 240 249 238283248 228
229 259 240 268 254 217 236 241 268 277 261 25233418 245
274 252 277 254 247 280 231 246 293 222 272 2312883264 233
261 275 236 253 265 259 239 244 230 231 242 214328@48 259
236 254 227 255 278 244 279 243 265 261 255 262244861 229
221 236 229 261 274 256 269 271 244 320 260 24288233 242
242 221 262 238 254 264 252 295 264 224 285 238234260 284
222 253 271 253 261 265 291 274 267 213 253 27236151 270
260 252 238 253 239 256 253 299 286 238 243 27288229 258
254 258 257 249 241 264 230 246 232 281 226 232238283 249
261 233 244 248 252 262 258 217 250 233 237 262288285 246
275 271 258 231 237 225 238 267 258 244 243 24233473 262
240 257 294 246 249 255 256 259 224 290 250 2742268441 295
267 267 280 289 299 258 246 290 280 294 279 27636&@58 293

Appendix C11: XRD data for Mg leached in 0.5M cystime/ascorbic acid.
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Figure C11: Mg leached in 0.5M cysteine/ascorbic &t
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Table 21 Intensities

69518 64442 60295 56314 52246 48433 44801 409889384652 31399 28086
24853 22526 19885 16922 14347 12135 10432 9231 BBIB 6825 6640 6483
6390 6348 6190 5889 5927 5800 5885 5781 5722 5388 5342 5120 5120 5090
5020 4998 4873 4909 4838 4708 4717 4819 4650 4623 4661 4738 4563 4464
4535 4416 4496 4481 4466 4358 4441 4346 4269 4359 4271 4360 4208 4217
4137 4256 4158 4195 4140 4205 4193 4177 4142 4983 3059 4029 3932 4081
3946 3837 3931 3978 4047 3929 4083 3866 3857 3887 3720 3718 3752 3726
3752 3735 3587 3676 3615 3598 3712 3583 3624 3618 3565 3534 3474 3472
3529 3508 3515 3500 3456 3386 3510 3498 3450 3439 3385 3361 3238 3299
3334 3352 3339 3296 3298 3276 3284 3235 3344 3288 3266 3184 3125 3075
3129 3102 3044 3057 2952 3204 3049 3052 3102 3983 2913 2950 2965 2980
2930 2847 2958 2896 2938 2915 2687 2807 2898 2937 2770 2753 2708 2808
2765 2738 2665 2744 2733 2813 2803 2677 2759 2684 2709 2666 2709 2670
2656 2725 2584 2503 2538 2503 2533 2503 2608 2568 2540 2498 2578 2517
2503 2508 2448 2438 2441 2380 2467 2452 2423 2388 2403 2389 2373 2325
2323 2385 2354 2321 2393 2355 2337 2356 2347 226D 2272 2326 2389 2330
2350 2390 2190 2212 2310 2220 2284 2292 2306 2148 2217 2186 2202 2264
2326 2221 2173 2220 2211 2180 2215 2136 2183 2169 2188 2197 2145 2181
2182 2081 2129 2154 2266 2112 2192 2033 2118 2183 2219 2230 2129 2128
2070 2082 2131 2164 2165 2148 2157 2107 2179 2106 2039 2117 2156 2106
2097 2034 2177 2096 2047 2200 2036 1952 2050 2293 2162 2093 2138 2088
2115 2100 2090 1991 2031 2062 2105 2041 2024 2034 2021 2008 2094 1983
2117 2045 2071 2040 2004 2104 2081 2072 2104 2952 2048 1978 2034 2053
2069 2059 2176 1982 2165 2024 2033 2112 2070 1992 2001 2039 1998 2003
2033 1974 2005 2051 2028 2058 2097 2000 2099 2028 2092 2044 2049 2027
2007 2047 2145 2106 2178 2079 1970 2050 2045 2934 2039 2028 2006 2027
2030 2112 2062 2038 2027 1957 1964 2011 2104 2915 2073 2020 2015 1995
2023 2011 2036 1943 2025 1989 2093 2034 2000 2002 2972 1953 2041 1984
2000 2045 1974 1950 2017 1994 1985 1972 2090 29108 1996 2017 1961 2010
1935 1969 2033 1959 1997 2017 1944 1868 1965 2958 2056 1900 2012 1957
1926 1964 2018 1889 1951 1961 1958 1817 1889 1889 1964 1950 1840 1923
1944 1931 1905 1906 1940 1950 1864 1906 1938 1830 1981 1895 1888 1967
1913 1976 1913 1873 1927 1857 1919 1899 1882 1893 1925 1920 1985 1961
2005 2022 1968 2036 1945 1917 1867 1821 1894 1993 1931 1878 1822 1857
1856 1758 1873 1819 1847 1783 1871 1931 1871 1889 1865 1814 1845 1781
1857 1862 1855 1888 1754 1877 1975 1814 1807 1829 1894 1847 1918 1911
1966 1936 1935 1965 1955 2034 2038 2175 2171 2338 2717 2961 3298 3873
4468 5330 6471 7963 10182 13212 17124 21397 245726218374 11500 6400
3900 2871 2437 2329 2244 2237 1972 2117 2003 1093 2992 2009 1930 1936
1917 1977 2020 1973 1974 1896 1935 1823 1906 1868 1769 1867 1873 1818
1766 1784 1774 1762 1792 1762 1747 1736 1814 1789 1758 1728 1777 1721
1778 1686 1706 1728 1721 1723 1769 1776 1687 1861 1641 1646 1629 1581
1633 1617 1578 1613 1729 1676 1695 1639 1667 1568 1586 1636 1609 1597
1618 1563 1585 1651 1615 1633 1570 1569 1707 1488 1595 1562 1565 1538
1549 1511 1551 1571 1569 1636 1623 1615 1625 1668 1666 1587 1618 1599
1547 1508 1560 1479 1536 1493 1519 1528 1501 189Q 1526 1532 1520 1529
1484 1466 1520 1459 1526 1433 1480 1536 1519 1808 1471 1476 1498 1535
1476 1466 1390 1468 1509 1482 1458 1481 1479 1466 1481 1482 1478 1543
1545 1412 1468 1487 1431 1332 1467 1524 1416 14571 1413 1478 1506 1535
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1449 1497 1519 1446 1445 1484 1423 1510 1410 15P&8 1603 1610 1719 1725
1823 2132 2338 2664 2918 3070 2990 2621 2163 1683 1524 1539 1440 1487
1400 1405 1419 1424 1463 1487 1481 1390 1425 1360 1379 1445 1370 1455
1490 1426 1485 1399 1418 1396 1465 1421 1490 14406 1498 1423 1454 1450
1418 1464 1455 1414 1392 1475 1473 1453 1467 1446 1476 1511 1483 1518
1451 1470 1498 1449 1444 1488 1428 1459 1425 18386 1476 1422 1519 1512
1421 1476 1440 1447 1572 1515 1410 1544 1523 1438 1431 1542 1473 1471
1494 1485 1504 1489 1485 1451 1412 1434 1422 1486 1419 1438 1403 1324
1437 1372 1295 1325 1489 1444 1470 1456 1483 1446 1387 1433 1374 1462
1479 1396 1352 1421 1452 1450 1447 1445 1380 1408 1452 1546 1475 1540
1521 1526 1609 1590 1733 1931 2013 1959 2037 22¥9 2339 2430 2465 2327
2266 2351 2321 2291 2188 2199 2287 2157 2304 22Q3 2267 2218 2242 2299
2342 2254 2238 2262 2220 2252 2107 2088 2103 2087 2054 1959 2022 2025
2010 2096 2078 2148 2395 2504 2791 3219 3574 4222 6140 7453 9011 10164
10957 10335 8876 7254 5540 4079 3135 2626 2381 2285 1897 1815 1675 1613
1616 1603 1562 1549 1573 1545 1558 1589 1517 1488 1533 1541 1557 1467
1525 1436 1474 1506 1522 1456 1410 1459 1407 1486 1514 1472 1432 1456
1395 1486 1398 1450 1395 1418 1447 1503 1408 1434 1473 1423 1577 1733
1625 1543 1485 1424 1405 1400 1410 1342 1365 13846 1378 1366 1410 1345
1320 1338 1359 1352 1371 1399 1352 1325 1384 13498 1336 1393 1378 1320
1357 1324 1403 1319 1363 1338 1378 1298 1386 1383 1389 1341 1375 1441
1385 1391 1384 1392 1515 1541 1667 1514 1506 152Q 1467 1353 1373 1412
1373 1446 1445 1443 1392 1350 1363 1392 1415 1424 1390 1440 1411 1459
1476 1510 1436 1435 1518 1453 1512 1556 1522 1608 1854 1998 2113 2458
2951 3590 4419 5844 7845 10424 12937 15184 1643P8180664 8773 6447 3993
2698 2040 1962 1785 1618 1651 1540 1512 1506 1830 1509 1429 1472 1514
1469 1476 1524 1458 1534 1574 1580 1586 1628 160& 1570 1562 1525 1485
1485 1506 1499 1535 1531 1480 1461 1489 1555 1564 1581 1505 1593 1651
1488 1565 1506 1643 1579 1574 1577 1598 1587 1582 1568 1654 1583 1631
1679 1558 1599 1729 1830 1839 1974 2204 2458 2228 8099 5276 6853 9140
12634 16735 20980 23943 21956 15799 13174 11148 31@1 2754 2314 1951
1932 1782 1667 1728 1666 1683 1644 1596 1628 1693 1669 1758 1801 1844
2154 2261 2508 2868 3283 3742 4077 4119 3804 386X 3760 2460 2074 1888
1909 1791 1694 1736 1698 1745 1690 1674 1758 1658 1678 1714 1778 1717
1723 1775 1788 1814 1822 1981 1973 2096 2217 2336 2642 2847 2912 2843
2940 3057 3304 3675 4234 5148 6704 8866 11807 181994 29888 39859 50377
59888 60677 49005 37089 32098 24938 14860 8164 3884 3120 2760 2389
2158 2066 2011 1975 1790 1885 1841 1776 1719 1636 1723 1568 1680 1654
1632 1623 1635 1683 1665 1791 1915 2002 2225 28@8 2277 3695 4256 4662
4764 4399 3549 3271 2896 2489 1913 1755 1633 1574 1511 1485 1486 1389
1426 1446 1547 1399 1345 1387 1372 1426 1393 1336 1354 1390 1389 1345
1401 1355 1349 1300 1299 1264 1270 1322 1345 1269 1342 1398 1328 1268
1269 1214 1300 1199 1265 1277 1265 1308 1254 1288 1244 1232 1231 1261
1227 1286 1218 1239 1241 1207 1205 1241 1188 1242 1245 1196 1221 1223
1223 1210 1242 1192 1309 1260 1147 1248 1208 1226 1288 1202 1142 1209
1225 1189 1206 1192 1198 1156 1162 1203 1161 1196 1179 1168 1132 1069
11051118 1136 1133 1141 1151 1125 1127 1077 1083 1108 1069 1081 1152
11151109 1106 1134 1104 1099 1094 1108 1081 1132 1096 1183 1095 1084
11131087 1070 1102 1124 1051 1123 1133 1109 11382 1030 1102 1114 1137
1134 1097 1126 1060 1092 1141 1105 1070 1158 1024 1065 1072 1045 1135
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1125 1051 1053 1124 1009 1158 1128 1159 1085 10988 1098 1216 1069 1171
1187 1103 1030 1181 1151 1160 1103 1149 1148 1235 1164 1184 1156 1208
1179 1201 1204 1237 1242 1293 1321 1393 1466 1642 1834 2104 2349 2600
2949 3193 3332 3327 3137 2814 2607 2397 2124 1819 1524 1373 1295 1278
1193 1267 1178 1156 1147 1175 1230 1221 1269 13988 1360 1419 1447 1592
1696 1837 2158 2412 2626 3068 3542 3884 4398 4629 4378 4085 3578 3206
2813 2466 2029 1684 1555 1318 1359 1277 1233 1185 1123 1055 1165 1087
1080 1141 1081 1067 1067 1056 1044 1072 1096 102 1062 1080 1012 990
974 985 989 1012 1006 1011 1073 967 973 959 938 10Q7 1000 975 956 1069
1061 988 1003 1057 970 1008 1012 977 994 956 9388 1038 988 951 1031 1018
1012 959 979 1004 975 949 970 1047 1017 973 102®2T 974 981 963 974 969
922 997 1019 1019 961 932 952 993 953 943 1068 1038 1215 1275 1294 1226
1154 1073 1160 1203 1155 1004 1035 987 1086 1052 1059 1054 1016 1024
1149 1148 1266 1269 1424 1622 1771 2029 2439 2648 8634 5800 7160 8427
9016 8066 6206 5275 5204 4776 3882 2544 1827 1282 1256 1198 1129 1139
1047 1030 1034 967 1010 988 1000 1040 1035 1010 1071 1059 1093 1187
1169 1285 1364 1520 1650 1818 2092 2414 2644 2238 3402 3529 3500 3128
2896 2727 2464 2131 1885 1643 1365 1265 1205 1072 1075 970 982 900 992
964 926 930 955 924 907 938 963 973 932 906 90MO1D27 936 873 923 868
827 892 841 864 903 934 854 873 915 823 833 870891876 918 807 870 892
837 914 964 837 845 817 892 853 892 926 825 90B83B77 814 938 869 889
826 878 850 937 909 901 945 977 974 895 988 10011093 1070 1097 1086 1113
11351151 1130 1109 1114 1165 1070 1086 1069 1083 1068 1035 1063 1084
1068 1052 974 983 929 903 902 947 976 930 932 53ME9 852 839 847 849 867
849 808 847 856 876 816 812 811 808 845 823 828884796 826 758 808 801
803 856 862 784 785 783 794 774 819 816 872 /3894817 792 750 748 807
846 836 771 844 777 769 811 786 813 769 745 78(0/784/85 792 781 775 813
828 742 795 748 791 824 765 779 764 837 765 79/338&60 791 812 807 775
752 796 788 739 770 804 768 795 830 792 797 83483084 749 823 774 839
798 779 828 751 803 811 804 816 810 875 848 838924845 850 796 805 836
841 861 844 831 871 851 842 881 851 868 857 88DRIM04 1042 982 912 982
864 924 943 922 902 862 866 866 808 826 842 79BB2B0O7 843 852 790 792
795 821 882 832 815 833 845 795 833 845 842 80B88B09 863 855 846 854
863 852 852 922 924 940 999 1059 1097 1173 1284 168@2 1731 1981 2280 2767
3123 3805 4731 5564 6667 7612 7669 7074 5733 4854 4455 4374 3653 2600
1959 1604 1424 1218 1216 1127 1136 1128 1111 1165 1169 1122 1264 1188
1246 1140 1163 1045 1044 1062 1036 1074 923 9802403 916 929 907 867
839 824 852 877 859 841 854 882 866 912 879 83®883B74 860 880 882 856
873 900 829 862 900 861 853 846 842 803 876 86883@30 879 903 827 808
772 835 832 819 846 852 828 788 838 840 842 85(B88MB35 842 862 867 814
843 885 866 915 869 943 990 933 1066 1014 1175 1290 1281 1444 1530 1622
1757 1905 2032 2103 2035 1944 1844 1793 1704 1625 1419 1319 1234 1174
1111 1065 1052 982 879 871 913 859 869 922 87 BB3®B7 862 889 818 862 828
802 858 798 847 848 813 819 817 795 841 799 848B33B65 884 820 910 951
903 986 900 978 982 941 880 870 905 883 872 85884B82 769 866 839 824
833 852 879 852 885 877 909 932 888 930 879 9571088 1125 1110 1206 1260
1428 1540 1781 1997 2289 2686 3266 4137 5037 6344 8341 8242 6956 5298
4630 4544 4837 4702 4267 3172 2268 1737 1525 129% 1111 1105 996 986 935
954 944 862 833 939 854 834 900 893 866 844 777798825 769 798 747 751
686 800 720 738 751 719 731 761 742 732 722 75913663 686 753 740 706

107



Appendices

725717 746 743 695 681 723 663 687 710 700 71¥681718 713 680 669 733
734 732 684 728 708 718 691 660 687 722 674 69%H86Y15 621 717 691 720
698 661 756 682 674 702 733 653 692 681 694 66589200 686 672 667 707
684 760 728 725 708 714 678 741 658 711 701 73FT0FH90 720 676 688 646
722 673 642 712 680 683 689 692 739 688 692 727482764 748 797 778 800
811 883 855 919 921 1084 1163 1244 1395 1500 1826 1241 1151 1038 1071
1186 1075 1039 933 871 811 748 728 771 731 7227826722 752 744 806 762 782
744 790 820 813 802 841 869 872 951 997 1026 1188 1303 1445 1624 1743
2088 2558 2894 3616 4222 5277 6083 6835 6852 568a@ 4886 3675 3803 4002
3929 3477 2694 1993 1561 1281 1135 1001 935 108889 883 796 846 771 818
749 774 820 815 805 835 836 837 876 906 949 960 1092 1279 1291 1347 1400
1427 1488 1722 1903 2165 2522 2900 3400 3976 4483 4293 3518 2853 2600
2679 2631 2728 2686 2256 1732 1377 1167 942 868384837 790 756 744 690
722 684 693 698 659 711 673 655 658 705 727 7086881663 656 688 644 668
645 640 661 647 630 663 684 601 615 615 661 59488607 636 648 631 627
657 664 641 629 618 652 608 691 672 675 649 67188610 666 659 656 668
671 650 679 669 718 727 796 781 786 908 960 1118 13283 1499 1682 1736
1685 1366 1228 1156 1224 1284 1300 1308 1184 168 B84 833 745 730 688 665
686 611 630 623 618 579 616 649 624 608 616 59H61FH16 612 605 665 696
644 665 673 727 784 772 752 828 734 762 742 737/88%90 687 638 682 625
643 689 597 591 618 564 624 642 618 667 662 608688003 655 649 657 676
636 677 618 666 608 626 639 639 559 602 676 651688DH69 642 645 594 565
583 603 608 624 644 648 642 655 664 689 636 7917464695 758 713 677 735
696 683 622 748 654 659 686 610 696 639 676 64HBSHO6 646 621 639 622
578 575 639 648 585 643 620 674 655 663 716 7576802741 713 674 723 661
667 701 640 694 702 697 715 693 730 691 662 71%82%80 615 615 602 675
591 656 597 645 603 633 621 621 594 621 634 60666614 608 643 593 665
673 695 662 676 677 709 777 824 897 962 971 1199 1293 1313 1283 1118
1016 929 927 904 936 982 966 853 840 671 671 68(%H66 570 544 538 561 512
562 502 554 543 573 593 554 528 561 512 537 5833569 495 566 558 601
579 571 596 600 597 587 606 652 630 602 639 64%H30H46 634 588 606 625
611 567 623 587 550 558 514 535 550 558 569 54580476 453 542 486 494
490 486 527 476 470 469 518 506 526 490 488 49%389530 506 519 543 533
525 569 543 561 535 554 544 562 614 579 547 49%B383H57 547 556 545 499
502 540 546 517 488 535 519 599 605 624 573 59662FH36 669 733 759 831
951 936 1062 1198 1245 1235 1213 1035 936 855 8a&BT¥7 883 986 846 791 730
594 558 583 509 549 503 514 538 480 546 518 52652475 452 521 466 496
449 464 464 493 452 499 471 461 465 467 474 48DA2Z23170 455 486 478 496
487 487 522 502 456 478 474 480 493 439 478 4331480163 474 463 473 484
460 467 451 446 441 439 455 502 458 472 483 428148461 421 476 447 465
459 443 475 421 470 469 446 440 437 503 482 44026479 449 413 429 446
450 434 472 454 470 538 448 473 465 502 458 444443509 501 543 539 552
530 535 533 562 512 545 506 483 522 525 490 4814825170 520 482 508 457
524 470 451 439 498 468 439 451 454 464 481 4431383144 476 406 476 491
451 431 506 490 453 476 477 528 523 501 519 555303504 588 640 642 598
645 656 599 637 601 574 560 593 538 563 574 55638536 529 515 508 483
486 492 500 465 470 486 466 497 475 448 479 45388%14 492 490 514 513
481 488 484 482 476 471 463 464 483 473 460 483158(519 439 494 481 462
502 459 476 485 509 453 473 422 502 473 501 4561832455 455 525 467 445
495 500 492 465 495 495 527 545 523 494 526 50U 36495 506 490 512 500
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515517 504 482 495 509 510 494 500 470 462 51G1804192 471 450 458 455
485 472 451 496 479 491 455 469 480 526 534 5024885624 497 509 524 454
457 503 523 533 592 530 558 627 581 644 669 69588 858 902 1017 1058 1293
1403 1544 1787 1767 1739 1536 1289 1168 1078 999 1053 1091 1147 1199
1071 1022 850 773 715 652 590 531 585 541 551 336063 475 470 486 482 479
481 506 499 474 486 474 529 464 506 498 442 4718845634 525 485 542 503
485 437 442 481 477 507 468 406 462 468 451 471435165 448 469 448 483
473 509 463 458 472 535 466 464 480 518 499 4861431456 467 508 482 474
475 523 506 508 446 485 531 540 522 517 463 49660562 496 455 502 539
558 498 541 517 525 504 503 515 497 555 528 52548k 12 495 522 470 526
455 498 497 492 496 497 535 493 508 517 565 485634617 639 644 742 737
788 816 861 814 798 725 745 644 589 622 656 64FBAFB75 673 633 575 603
544 525 539 527 464 514 557 535 572 552 548 55(660&16 503 488 510 519
555527 518 496 519 471 500 520 505 517 530 52%82(%08 511 471 517 487
538 524 569 534 546 516 490 570 524 529 488 52%H59(H60 549 533 501 553
591 601 550 583 600 648 651 604 733 727 735 843808050 1189 1296 1357
1553 1940 2105 2214 2483 2400 2172 1804 1548 1229 1272 1306 1340 1406
1502 1484 1538 1414 1193 964 957 877 743 739 664668 576 623 560 671 585
600 534 553 588 599 561 557 567 602 552 517 58653532 543 572 497 595
605 554 636 542 541 544 551 551 570 500 561 57%83%51 580 605 592 607
571 604 569 582 631 588 625 624 644 665 689 68F38F87 906 917 1025 1136
1225 1346 1468 1726 1850 1877 1723 1504 1306 1166 982 1042 1062 1079
1152 1170 1200 1238 1146 996 924 867 747 666 66&H83 646 603 604 614 611
593 621 575 577 570 563 559 541 549 571 513 52582583 567 574 548 518
496 528 523 523 565 588 504 553 526 547 538 57G66&77 557 540 589 578
572 566 514 587 521 571 557 558 565 526 571 54568&%93 561 535 577 509
493 527 557 572 526 558 521 544 566 539 528 53535502 524 497 557 544
512 503 562 519 520 564 513 551 535 525 546 54554618 532 484 566 513
551 497 550 546 523 549 515 544 526 532 476 516623509 549 553 501 521
508 474 540 572 513 534 510 559 536 546 525 54%H61H33 607 540 553 557
604 558 555 641 557 586 574 565 605 613 600 63588544 692 669 665 682
706 756 771 773 859 939 1041 1146 1288 1407 1406 1816 1631 1448 1361
12751188 1291 1320 1398 1443 1380 1301 1280 1232 1197 1055 1068 953
932 871 925 915 930 846 787 716 680 657 628 6615688%16 596 583 566 585
588 555 586 526 574 531 555 555 530 547 582 52858525 514 555 541 592
599 532 549 543 580 559 539 500 545 558 560 60653(h57 572 569 527 557
547 499 502 566 585 577 522 524 521 537 541 508633613 564 561 544 499
535 546 530 508 552 542 557 477 526 533 539 503314618 526 490 535 539
527 534 507 512 545 564 528 554 568 570 569 54536539 516 514 519 566
532 531 570 584 556 557 550 576 591 593 593 59Bb6BIH55 692 741 723 764
804 827 832 767 667 648 659 657 559 610 577 63®B3H85 657 736 625 681
625 580 605 576 518 537 534 589 549 571 534 5283556 565 532 508 550
524 532 538 604 528 496 494 560 534 572 525 50588523 532 510 526 573
549 544 534 552 524 537 549 577 504 501 507 56@1923H60 527 507 520 519
536 575 544 521 522 530 543 524 532 519 556 486304609 512 500 534 473
542 496 503 523 533 541 576 529 529 528 533 596180614 517 518 544 512
531 529 525 533 547 525 551 484 534 547 559 506388805 552 530 505 530
566 553 533 539 596 539 629 557 610 607 547 564656590 610 593 578 620
666 653 718 721 771 784 847 910 867 887 962 90973585 732 727 664 710
687 675 694 695 701 759 771 706 789 731 720 65%884624 610 624 636 592
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590 607 601 602 608 599 603 577 606 591 649 57560006 581 601 598 609
635 607 593 589 584 576 572 601 587 599 583 58 Bb69%H96 579 560 607 615
532 586 601 588 529 597 617 593 548 623 608 56%581H83 569 607 537 565
532 577 534 566 534 534 538 519 539 600 595 50563557 544 550 558 536
523 509 622 526 579 580 562 555 584 600 591 57588k 74 563 546 541 529
521 549 565 573 538 557 524 568 563 581 559 554638106 522 508 557 567
543 617 562 585 491 532 554 562 525 529 559 55538534 534 576 583 545
571 567 610 528 556 568 588 585 591 579 544 56563582 589 596 654 542
647 619 581 609 598 611 625 726 648 653 639 68768351 740 871 929 869
930 1060 1139 1194 1312 1462 1554 1719 1772 177Q 1458 1244 1172 1131
1037 953 972 1003 956 963 1014 998 1116 1150 119Q 1168 1069 1037 957 816
821 777 752 789 730 648 654 643 610 673 599 621683®43 612 618 614 655
587 600 581 565 606 625 551 561 583 601 639 63&32H603 571 590 589 662
576 587 589 624 549 577 609 595 623 600 586 57583®%20 575

Appendix D: Raw data for leaching graphs

On the leaching experiments, the residue is thedpoweft undissolved after
subjecting a given powder species to specific legchreagent at a specific
concentration.

final

Thus% Residue =(——
initial

)x100

where final = dry residue mass after leaching (g)

initial = initial powder mass before leaching (g)

Table D1: Effect of H,SO, concentration on the leaching of Ti-Mg alloy

Residue after leaching in different concentrations
Constituent [0.1M 0.5M 0.9M 1.3M
TiO, 72.6 61.1 77.7 79.8
Ti-20Mg 79.6 41.3 20.6 11.7
TiO,-Mg 46.7, 24.7 18.4 17.2
MgO 60.8 0.0 0.0 0.0
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Table D2: Effect of HCI concentration on the leacmg of Ti-Mg alloy

Residue after leaching in different concentrations

Constituent 0.1M 0.5M 0.9M 1.3M

TiO, 83.9 81.3 71.9 64.4
Ti-20Mg 89.8 95.4 59.4 30.5
TiO»-Mg 97.1 36.4 27.8 21.9
MgO 73.4 9.9 0.0 0.0

Appendices

Table D3: Effect of Aqua regia concentration on thdeaching of Ti-Mg alloy

Residue after leaching in different concentrations
Constituent 0.1M 0.5M 0.9M 1.3M
TiO, 86.7 84.3 78.8 78.5
Ti-20Mg 62.8 74.5 88.2 88.7
TiO»-Mg 79.4 43.6 33.8 30.2
MgO 68.2 0.0 0.0 0.0

Table D4: Effect of equi-molar oxalic/ascorbic acicconcentration on the leaching

of Ti-Mg alloy
Residue after leaching in different concentrations
Constituent 0.05 0.1 0.15 0.2
TiO, 84.2 80.7 80.795 78.6
Ti-20Mg 81.6 106.0 117.615 105.4
TiO-Mg 76.7 88.8 111.475 121.2
MgO 92.0 106.9 123.665 149.7

Table D5: Effect of equi-molar cysteine/ascorbic ad concentration on the
leaching of Ti-Mg alloy

Residue after leaching in different concentrations

Constituent 0.05 0.1 0.15 0.2
TiO, 80.4 68.5 86.2 86.4
Ti-20Mg 83.5 58.6 68.7 66.8
TiO,-Mg 87.3 88.6 73.5 57.4
MgO 72.5 71.1 68.9 63.1
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Table D6: Effect of HCI with equi-molar cysteine/asorbic acid concentration on

the leaching of Ti-Mg alloy

Residue after leaching in different concentrations

Constituent 0.075 0.3 0.525 0.75
TiO, 83.0 80.6 83.0 77.6
Ti-20Mg 85.3 86.6 69.8 68.9
TiO,-Mg 99.3 46.8 31.2 22.9
MgO 78.8 41.3 12.5 0.2
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