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ABSTRACT

The alloys Ti52.5A10.0Ni (at.%) and Fb52.5AF10.0N+0.2Ru (at.%) were made by
mixing, and melting their powders in a button arc furnace under an argon atmosphere. The
high temperature oxidation dmoom temperature corrosion le¢haviour ofthe alloyswas
investigated. Isothermal oxidation in air at 960or 120 hours and 720 hours wdane.

Cyclic oxidation behaviour of the alloys was also ingtd in air and in a hot salt
(N&SOy) environment. The corrosion tests were conductel wit% and 25 wt% HCI.

All the samples were characterised usirg@ansing electron microscopy with engy

dispersive Xray spectroscopyX-ray diffractionand hardnesseasurements

On solidification, the F62.5AF1 0 . O Ni (at. %) al | dp(bBoatmed de
Al ) surrounded-TiAly TiaNiAle (i) phasési &lostoof theonickel wa
found in the TiNiAl 3 ( )phase £12 at.%) with trace amounts in the dendrite8.6 at.%).

The Ti52.5AF10.0N+0.2Ru (at.%) alloydr me d d e n diAli (+58 at.% 0Af) o
surrounded b yTiAlat TeNIAl g gt Mast obtlie niskel €15 at.%) and
ruthenium €0.3 at.%) were in solid solution in thE&,NiAls ( ) phase, althougsmall
amountsof both metals were present in the dendritdsat.% Ni and 0.5t.% Ru).

Under isothermal oxidation conditions, both alloys showed good oxideggistance with

a low mass gairf< 2%). The alloys formed a continuouscale ofTiO, and ALO3; with

goad adherence to the substrate, but as exposure time irdrélasscalewas severely
degradedand exfoliated from the surface. Cyclic oxidation conditions were more
aggressive for both alloys. The-32.5Al10.0Ni0.2Ru (at.%) alloy was more resistant
and formed a nickelich subsurface zone between the substrate and intermixed oxide

layer.

Both alloys had a fairly good corrosion resistance @l Hue to the presence of nickel.

They formed ahin and norcontinuous AM\Oso xi de scal e on -TiAhe sur |
dendrites, with TiNiIAI,O ont h €TiAla+ Ti,NiAl 3 () eutectic regions The acid mainly

corroded thd}phase, thus attacking the eciic and leaving the-TiAl dendrites exposed.
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CHAPTER 1: INTRODUCTION

1.1 Background and motivation

The South African government is driving a beneficiation strategy which aims to
encouragdocal industry to procesand beneficiategaw materials, such as metals and
minerals,prior to export [2011Anp This will create a value adding, downstream use
for materials, create jobs and grow the economy. Metals such as titanium, aluminium
and nickel are being explored as they are strategic for further beneficiation. South
Africa has an abundance of these mineral resources, which aity neéted and
processed[2011And. However, these metalsare either expomrd as unprocessed
minerals, oronly the primary processing of their orese done locally{2008Mot
20091ka,2011An0]. Since South Africdhenhas to imporexpensivdinished products,

it would be betteto locally process andhanufactureaheseproducts. There is thus an
opportunity for South African companies to be involved in the manufacture of finished
products from these metats,increase local job and wealth creation.

The Titanium Centre o€ompetence (TiCoChosted by the Council for Scientific and
Industrial Research (CSIR) has developed process fougirggl titanium powder at a
much lowercostthan currentimported powdes [2013A\no]. Scalingup of the process
towards commercialisation isnderway.Therefore, relatively large quantities lofver
costtitanium powdemay soon bevailable in South Africa. This development further
increases the potential for a downstream industry for titanium metal components and
products. The manufacturimg titanium aluminides to make aeroplane and automobile
engine components is one such industry which can be developed to improve the
economy[2008Mot, 2009lk& This industry is highly speciakd and South Africa is

still a small player. South Africdatis has the potential to grow in this sector which is
labour intensie and value adding [2008Mot, 2009]ka

Titanium aluminides are possible substitute materials for aeroplane and automobile
components because they are lighter (~3.8 g)diman nickelbased alloys (~8 g.ci)
and titanium alloys (~4dcmi®) currently used [1989Nis, 1997Kel, 2000Cha]

Consequently, most of the research on titanium aluminides is focused on high



temperature applicationd976Cho, 2011App, 2012Kognd there idimited research

on ther room temperature aqueous corrosioMitanium and titanium alloys have
excellent corrosion resistan¢@959Ste, 1996Sch, 2000vVan]. However, in low pH
chloride solutions, titanium alloys are susceptible to crevice and pitting corrastit

Is possible that small additions of ruthenium could alleviate this, especially since they
have improved the corrosion resistanck other Ticontaining alloys [2000Van,
2013Mw4g. The ruthenium additions would be smadind so would not affect the
dersity too adverselyand if there was significant improvement in the properties, the

increased pricédue to addition of expensive ruthenium) would be worth it.

In this study two titanium aluminide allog were madeusing elements available in
South Africa. The behaviour of the alloy under high temperature oxidation and room

temperature aqueousreoosion condibnswereinvestigated.

1.2 Rationale and objective othe study

Condtions in jet engines (Figure 3.are highly corrosive, have high pressuasd can
reach temperatures o0f1300°C in the combustion section [1992Fro, 2012Kot
Therefore, jet engines need to be made fsirong, lightweight, corrosiofresistant
and thermally stable components to make aircraft viable and safe for comrmsecial
Currently jet engine components are mostly made from titanium, nickel and
aluminiumbasea alloys as these alloys hategh strength taweightratios and high
melting points [1992Fro, 2012K]ot
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Figure 1.1: Jet engineillustration [ 2015PiX.



A typical jet engine consists of a cold section, vdatmaximum temperature o600
~75C¢°C and a hot section, where temperatures can rebdd0°C. Theinlet fans and
intermediate compressor in the cold section are primarily nrade titaniumbased
alloys which have a low density (~4g5ni®), high hardness and good corrosion
resistanc¢1995Imm, 1999Vdi

However, titaniurdbased alloys do not have a good burn resistéheg arecapable of
igniting and burning when subjectdd high temperaturesat temperatures above
80C°C.This can cause titanium fires in the hot sen of jet engines [1992Fro,
2012Kol. Therefore, the combustion chambers and turbine blades are made from
denser (~&.cm®) nickekbased superalloys (NBSAs)hich are more burn resistant
[1995Imm, 1999Vdi. The use of NBSAs is limited though, as jet engines already
operate above their melting point (136). NBSAs are kept from melting by air
diverted from the compressor, which is used to cool the combustion chamber and

turbine blades.

To improve the efficiency of jet engines, gamma titanium aluminideBAls) are
being used to replace NBSAs to makebtne blades in the hot section of grigines
[1989Nis, 1997Kel, 2000ChaThey are more burresistant than titaniurbased alloys
and are lighter than both NBSAs and titanibased alloys (~3.§.cm®). Themass
savings t hr oTAd alloyscbhuid resudt ejet enfline® which use less fuel,

are more environmentally friendly and cost less to operate.

Titanium aluminides are intermetallic compounds which retain their good thermo
physical properties at elevated temperat{2080App]. They arethus used extensively

in the aerospace and automotive industries due to their low denghystrength, creep
resistance and good burn resistajic@89Nis, 1997Kel, 2000Cha

In this study,Ti-52.5AF10.0Ni (at.%) and F62.5AF10.0N+0.2Ru (at.%) alloys were
madeand subjected to typical conditions found in aerospace and automotive engines.
The aim was to investigate if tbeealloy compositionsould produce an alloy suitable

to make lighér hot components for aerospace and automotive applications.

Since there is limited research on the room temperature aqueous corrosion of titanium

aluminides, the corrosion of the alloys owi pH chloride solutions waavestigated to



determine if they wre suscetible to pitting corrosion. Titanium aluminides could be
used to make lighter componefiggven that small amounts of ruthenium will not affect
their density very much)n low pH chloride environmentssuch aspetrochemical
processing, offshoreil, gas and marine environments these environments, the p#i
similar to that of 5 wt% and 25 wt% HI996Saf]

The high aluminiuntontent was selected to ascertain whether the alloy would form the
protective A}Os;oxide instead oTiO, oxide. At high temperatures, titaniuatloys tend

to form the less protective TiOoxide, and thus become susceptible Bxcessive
oxidation [L976Cho, 1988Suli,98Kim].

Nickel was added to improve the corrosion resistance of the akyhecorrosion
resistace of nickel aluminidess high[1996Bra,1996Sch

Ruthenium was added to improve the corrosion andatioid resistance of the alloy
because d@ditions of ruthenium to ferritic stee]$977Str, 1990Pothnd some titanium
alloys[1959Se, 1990P0ot2000Var) have improved coasion and oxidation resistance.

Thereforethe objectives of the study were to:

1 Characterise the microstructure, morphology and phase compositions of the
ternaryTi-52.5AF10.0Ni (at.%) andjuaternaryTi-52.5AF10.0N-0.2Ru (at.%)

alloys

1 Investigate the high temperature behaviour of the alloys in typical conditions

found in aerospace engines.

1 Investigate the room temperatuagqueouscorrosion behaviour of the alloys in
two reducing environmenté wt% and 25wvt% hydrochloric acid) This was

done to investigatthe effect of pH on the corrosion behavior of the alloys.

1.3 General layout

This dissertatiomomprisessix chapters. Chapterdivesthe motivation and objectives

of the study. Chapter 2 gives the literature review, a background description of gamma
titanium aluminides and their oxidation and corrosion behaviour. The experimental
procedure is presented in Chapter 3. Chapter 4 gee@nresultsvhich are discussed

in Chapter5. Chapter 6 provides the conclusions of the studyGimapter 7givesthe



recommendations fofuture research. Published peevieweal papers based on this
researclare included in théppendix.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Titanium aluminides (FAIl) are classified as intermetallic compounds, together with
nickel aluminides (NiAl) and iron aluminides (FAl). They are compounds formed
from two metals, withproperties and crystal structsreompletely diferent from their
parent metald1984Yam, 1994Has, 1995Sawdnd heir propertiesare intermediate
betweenceramics and metalsintermetallic compounds have long range ordered lattice
structures which deteime their deformation modegesulting inhigh strength at
elevated temperaturebut with fast crack growth rates and very low ductility and
fracture toughness at room temperature [1984Yam, 1994Has, 1995Sau, 1997Sob,
2004Sob.

Titani um aTiAl)rarenlightveight (£38.cni®) compounds which retain
their properties at elevated temperaturé97pCho, 995Sau, 2004Lut, 2007Lut,
2011Apd. They are therefore considered good candidate materials for structural
materials for high temperatuspplications as they have a high specific density, good
oxidation resistance below ~8@) good corrosion resistance, and excellent strength
retention and creep resistance at elevated temperafi@8SLiip, 1995Kim, 1995Sau,
2000App]. Their widesprea@pgication has been limited by poor formability at room
temperature and challenges in processing and manufacturB8pLlip, 1995Kim,
1995Sau, 2000Adp

Over the past ~40 years, extensive research on titanium aluminides has resulted in more
knowledge on thie microstructures and deformation mechanisms, discoveries in their
microalloying and advances in manufacturing technologi&®89Lip, 1990Yam,
1995Kim, 1997Yam, 1998App2000App,2003Na$. This has led to an increasing use

of titanium aluminides in commeial applications. In 2000General ElectridGE)
designed the GenEx gas turbine engine for the Boeing 787 Dreamliner which has
titanium aluminide turbine blades, making the engine lighter rance fuel efficient
[2000App, 2003Nas]. More burnresistant TiAl exhaust valves have been used to
replace alloys 6242, T+1100 and IMI 834 in gas turbines.



In the future,TiAl turbocharger wheels could be used to replace denser tbhekeld
superalloys (NBSAs). There is a proposal to use ToAlthe divergent flap in high
speed civil transport aircraft to meet the strict environmental requirements of reduced

exhaust gas and noise polluti@903Das2011App]

The majority of current TiAl commercial applicatioasein the aerospace industry with
someapplications inthe automobile industry1992Liu, 1997Yam2003Na$. This is
because most of the research on titanium aluminides has focused on improving their
high temperature performance and therefore there is very little research on the room
temperatee corrosion behaviour of these material®96Sch, 2000Van2012Mwa3.

Due to their low density and good corrosion resistatit@nium aluminides could
potentially be used to make components for medical implants, petrochemical processing
equipment, downtile oil and geothermal sour wells and ckédkali and chlorate cell
anodes and linefd996Sch2000Van, 2008Ri\.

The challenge with titanium aluminides is that, although they can introduce weight
savings in aircrafts and automobiles, they are mwoostly to manufacte than
traditionaltitanium alloys and NBSAR012Kot]. Howeverthe cosis expected to fall

as they gain widespread us@nother challenge with titanium aluminides is that they
still have inferior mechanical properties (low dudfiliand fracture toughness) than
NBSAs

2.2 Titanium aluminides

2.2.1 Microstructure and phase transformations

The TrAI system has a range of titanium aluminide coommds with three major
phases: -TisA | ;TiAloand TiAls, as shown irFigure 2.1[19930ka] The most
important phases of the -N | sy st £TisAl and ® TiAlUas they have good
properties to make lighter, structural components for high temperature aerospace and
automobile applicationgl989McCG 19930ka2003Be, 2006Bat,2009Sar2012Kof.
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Figure 2.1: Assesseditanium -aluminium binary phase diagram [19930Kka].

T h ex-TidAl phase(Figure 2.2[2012Kot]) has a hexagonal D@ structure with a
homogeneity mgefrom 20- 38.2at.%Al. Theo-TiAl phase(Figure 2.32012Kot]) is

an ordered faceented tetragonal phase with an gL4tructure, whose homogeneity
ranges from 48.566.0 at.% Al. T h eTiAb phase tetragonality is due to the different
atomic radii of titanium and aluminium. For the equiatomieAlicomposition,the
tetragonality ratio (c/a) is 1.02. The ratio increases to 1.03, with increasing aluminium
content [1989Kim]. Alloys in the 37- 49 at.% Al region have a dual microstructure
consisting of o9 grains and dupdlTe Al |,amd]
TizAl [1989McC 19930ka, 2003Be, 2006Bat, 2009Sar, 2012Kol. The dud
microstructure forma by the eutectoid transformation at 18.5 C where the pro
eutectoid &Ti) transfornst 0 t h e gTi:Al@ o dT@Ab dhetd is consensus that
between 50 and&0 at.% Al, TiAl exists as a single pure gamma ) @ Wit s

equiaxed gamma grains.



Pure titanium is a hexagonal clgsea ¢ k -phéise 8t room temperature. At ~882°C,
titanium transforms into the bodye nt r e dphasel(bigue 2.b)The dual phase
U-TisAl alloys are generally composed G£TizAl andb-Ti. The b-phase occurs as
either ordered (B2) or disordered (bcc) phase depending upon the alloying content
[1992Chi].

The gamma (92) phase has dempeetuleseuptto 8060x i dat |
95C°C, and low hydrogen absorption, but it has no ductility at reemmperature.The

layered arrangement of titanium and aluminium atoms withinfahecented cubic

structure, and the tetragonality ratio éso two types of dedrmation(twinning and

slipping) along the {111} planes (shaded plane in Figure 2.3) [1986Hug, 1987Kaw].

On i t s -TiAl wsntherefore considered to be of little engmeg significance
[1991Kim1, 2003Be, 2009Sar,2012Ko{ . The yaphasd bagodd highl
temperature strength, but this is offset by the high rate of oxygen and hydrogen
absorption which | eads to empphasahadasveme nt a-
|l ow density at room t€lighh alsoahtsunoemgineeringOn i t ¢
significancg1991Kim1, 2003Be, 2009Sar2012Kot]

O Ti
@ Al
OO 1120
KX N0 120
[2110]

Figure 2.2: Crystal structure for U-TisAl [2012Kot].
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I n most engineering applicati gparesused tbu al p
maximise thermaphysical properties [2011#p, 2012Kot]. The most commonly used

dual phase FAl alloys are the duplex alloys with the compositior(46-49) Al (at.%)

as they have the best ductilitQJ11App, 2012Kdt These alloys have fine laiie

colonies which aid the deformation of the gamma phases tmproving ductility
[2000Yam,2011App, 2012Kdt

Depending on their processingy, composition and subsequent heat treatment, the dual
phase titanium aluminide alloys can form various microstructures with unique
mechanical properties.The microstructures are groupeénto four main categories
neargamma, duplex, nearly lamellar andilly lamellar [1989Kim 1991Kim2
2006Sha] The duplex and fully lamellamicrostructuresare the mairalloys which

have been used for commercial engineering applicatRGG0Yam,2012Kot].

There are various phase diagrams for thélTsystem; howeverhe phase diagram
shown inFigure 2.4is largely accepted for the central i@y of the T+Al system
[1989Kim|]. For an alloy with the composition § the four main categories of
microstructures can be obtained by heatirtg ; and then subsequently coa to T»,
Tz and T, (Figure 2.4.
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Figure 2.4 Central portion of Ti-Al phase diagram [2003Qr].

Cooling the alloy from T (in the Uphase fiel)l yields a fully lamellar microstructure

with coarse grains in the range of 200000um. The phasé&ransformation that occurs

issU oD 4 wheretheUphase transforms into, alter
(Figure2.5a). The coarse grain size causes low ductility and streafitigughthe alloy

has excellent creep and fatigue resistance.

Further heatreatment of the fully lamellar microstructure at(Figure 2.4 in theU+ 2

phase fieldyields a duplex microstructure wifine (~10um) fully lamellar colonies
andequiaxed grains [1989Kinh. The phase transformation that occurdlig (hsZ
O+owherels( s uper sat urated with al (Theiresdingm) nuc
fine grain size (Figure 2¢)is the reason this microstructure has the best ductility and
strength at room temperatur@he duplex microstructure handl/ o phase vol um
of 1.

Further heat treatment at,Tin the 9+U phase fiel d-Jamellar oduc e
microstructures which are between fully lamellar and dupl®89Kim]. TheU/ o phas e
volume ratio is greater than With mostly coarse lamellact 0| oni es and som

grains (Figure 25). The grain size is in the rangé150- 200 um.

11



Heat treatment at 4T(Figure 2.4, in the b+ o p h ayetds & rieaghnima
microstructurgFigure 2.5)wi t h coar s e50pm) gr 4 i megiops3a@dr ai n
di s p e.preciiditestht grain boundaries [1989Ki012Kot].

Figure 2.5 Microstructure types in dual phase titanium aluminides[1989Kim].
(a) fully lamellar, (b) nearly lamellar, (c) duplex, andd) near-gamma.

Due to their good propertiesjuchresearch 1998Dim,2002Cho, 2009Hashas been
doneontitanium aluminides to develagdloys with the best features of duplex and fully
lamellar microstructuresi.e. alloys with a fine grain size, with good ductility and

strength at room temperature and exceldeeép and fatigue resistance.

2.2.2Binary phase diagrams

Another challenge with the fabrication of titanium aluminides is that there are currently
different versions of the phase diagrams with some dispute in thé/a8% Al (single
phase gamma) range at 30d50°C [2006Bat] Materials Science International (MSI)
currently accepts thd&i-Al system in Figure 20 [2008Wit] which is based on
experimental data The phase diagram by Murray [1986Mum] Figure 26 was the
generally accepted phase diagram until the 1980s [1992Thé.dashed lines indicate

12



the estimated pls@ boundaries. Figure&shows the intermetallic copounds T4Al
(4, Ti Ala(hd) ,u Wi Alh variable compositions.

compound TiA} with constant composition, and no homogeneity range. The diagram

shows three peritectic reactions, includir
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Figure 26: Assesseditanium-aluminium phase diagram [1986Mul.

Kattneret al. [199Kat] proposed another phase diagram (Figur@ €howing two high
temperature peritectliec Ledcti D& @RIl .Y |
the intermetallic compoundssfi| ) (,U Ti Al  §vath varabledconfpositidns.
The TiAl; and TpAls phases have a constant composition. In the 1990s, Figimeag.

the generally accepted phase diagram.

Figure 2.8 [1995Hay] presents arthiversion of the experimental -Al binary phase

di agr am. The diagram shows the controver
the likely phase boundaries because there have been many differences in showing them.
The intermetallic compounds 3Bl () and Ti Al (29) have vari a
TiAl, and TiAk have constant compositions. TiA$ considered stable up to 1206

compared with 1199°€ in Figure 2.6 1986Mur]and Figure 2.719980k4.
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Figure 2.8: Experimental titanium -aluminium phase diagram [1995Hay].
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Schuster and Palm [2006Sch] also produced Al phase diagram shown in Figure 2.9
[2006Sch] using experimental data. It differs from the Murray [1986Mur] phase

diagram (Figure 2.6) because it contains the peritectic reactidn¥. + U .

Further evaluatio of the TtAl system by Witusiewiczt al. [2008Wit] producedhe
diagramshown inFigure 2.10 [2008Wit]which is very similar to that odbchuster and

Palm [2006Sch]. Figure 2.10 shows the occurrence ¢AlFiand the peritectoid
reactionU+bY (. In Figures 2.6 2. 8, ,pthhaes eU i s f ormed congr
Figure2.10[2008Wit] is currently the generally accepted phase diagram for ti#d Ti

system.

There is therefore contention on theAliphase diagram and the discrepancies in the
experimatal data are because of the high sensitivity of phase equilibria tmetatlic
impurities such as oxygen [2006$chThus, as well as choosing the best phase
diagram, researchers must be aware that the conditions of their alloys might not be in

equilibium and should take care and interpret phase diagrams carefully.
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Figure 2.9: Experimental titanium -aluminium phase diagram [2006Sch].
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Figure 2.10: Assesseditanium -aluminium phase diagram [2008Wit].

2.2.3Mechanical properties of titanium aluminides

As mentioned earlier, titanium aluminides have good properties at elevated
temperatureslfo85Lip,1994Boy, 2011App]. They are considerably lighter (Tal22el)

than NBSAs anditanium alloys, havegood oxidationresistanceand creep limg and

have good burn resistanse However, their ductility and fracture toughness at room
temperature are inadequate compared to NBSAs t#adium alloys [1985Lip,
1994Boy, 2011App They have a lower elastic modulus than NB3## they retain

their propertie at high temperatures because they have streBgbAnding of their
ordered structure and therefore require much higher energy for diffusion to occur.
Consequently titanium aluminideshave better high temperature creep and fatigue
strength [1989kn].
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Table 2.1: Mechanical properties of TiAl alloys compared to Ti alloys and
superalloys [1989Kim,1994Boy].

Property Unit Ti Alloys U-TisAl o-TiAl Superalloys
Structure Hcp/bcc DOg Llo Fcc/Ll,
Density g.cm® 4.5 41-47 | 3.7-39 | 7.9-85
Modulus GPa 96-115 | 100-145 | 160-176 206
Yield s/ MPa |380-1150| 700-790 | 400-630 | 800- 1200
U.T.S. MPa | 480-200 | 800-1100 | 450- 700 | 1250- 1450
Toughness MPa.m’?| 12-120 12-35 12-25 30- 100
Ductility R.T. % 10- 20 2-10 1-4 3-5
Ductility H.T. % 12-50 10-20 10-90 10- 20
ﬁ)r:]‘:fa“on (°C) 600 650 800- 950 | 870- 1090
Creep limit (°C) 600 760 1000 1090
Bur_n Poor good good excellent
resistance

The mechanical properties ofTiAl alloys, shown inFigure 2.11 [2009H4s are

heavily dependent on composition, pleased microstructure morpholo@®012Kot].

Duplex microstructures exhibit good room temperature ductility and strength due to

their fine grain size.

Fully lamellar microstructures have good high temperature

properties such as creep and fatigue resistance; however, they have a low room

temperature ductility and strength due to their coarse grain size. atestigerefore
many thermemechanical routes [1997Che, 2003Sun, 2009Che, 2010Cha] being

explored to producdine-grained fully lamellar microstructures with good ductility,

creep resistance, fatigue life, fracture toughness and tensile strength.

Ductility

Ductility is dependent on four factors [2012Kot]:

M Grain size

T Lamell ar/ gamma

1 Changes in latticdimensions (c/a)

1 Presence of impurities

rati o

(L/2)
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A smaller or finer grain size leads to an improvement in ductility because volume
defects such as grain boundaries increase in sZeain boundaries prevent further
dislocation propagation and therefore increased grain boundary area improves ductility
and yield strength [1996Mer].For optimum ductilityin TiAl alloys, the L/ 2 r
shouldbe 0.3 0. 4 an/do trhaet iUo i $5%0.0 Both datiob @e d&pendent on

Al concentration and are in their optimal range at 48.0 at.% Al. Ductility is also greatly
affected by the tetragonality ratio/§) and unit cell volume, as shown in Figure 2.12
[1989Kim, 2012Ko}. A decrease i/a, achieved by reducing the Al content, improves
ductility. A decrease in unit cell volume, which can be achieved by adding ternary and
guaternary alloying el ements, al so i mprov
impurities such as oxygen and rogen also reduces ductility, and a reduction in
impurities improves ductility.

Te Ta
30 —

Temperature Legend
Te = eutectold H
Tu = alpha transus "

10 |-

FRACTURE TOUGHNESS (MPaym)
~T

CR, GS, IR, El, Strength

NG  Duplex NL| FL
MICROSTRUCTURE

Figure 2.11: Dependence of mechanical properties on the microstructure type,
where NG = near-gamma, NL = nearly lamellar, and FL = fully-lamellar,
CR = creep strength, IR=impact resistance and GS = grain siz&2D09Hag.

Creep resistance and fatigue life

Microstructure and the Al content control creep resistance in dual phase titanium

aluminides [2012Kot]. Increasing the Al content improves creep resistance and fully
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lamelar (coarsegrained) microstructures have a better creep resistance than fine
grained duplex microstructures, because UHaths in fully lamellar structures act as

reinforcements [1991Kim1]. For the same reasons, the fully lamellar microstructures
have lower fatigue crack growth rates, whereas duplex microstructures have high

fatigue crack growth rates.

Fracture toughness

Fully lamellar microstructures have the highest fracture toughness in dual phase alloys
[2012Kot]. They experience large plasticasts near the crack tip and good crack

propagation resistance.

Tensile strength

Tensile strength is inversely proportional to grain size [1996Mer, 201246adgjven by
the HallPetch relationship [1951Hal]:

. . — (Equation 2.1)

Wherely is the yield stresd), is the resistance of the lattice to dislocation motiis
the strengthening coefficient (a constant specific to each materialjligride average
grain diameter Therefore, the fully lamellar microstructures with coarseingsizes
have the lowest tensile strengths in dual phase alloys.

Besides thermonechanical treatment, alloying of titanium aluminides is being used to
improve the mechanical properties [2011App, 2012Kot].

Figure 2.12 Ordered face-centred tetragonal (L1p) TiAl structure, tetragonality
ratio c/a= 1.02with the (111) plane shade{ll989Kim].
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2.2.4 Alloy development

Most of the microalloying research has been focused on enhancing the properties of
duplex, dual phase microstructures and fulymellar microstructure1985Lip,
1995Kim, 1995Sau, 1998Bra, 1998Ton, 2000App, 2011Ap4. For duplex
microstructures, the focus is on improving the creep resistance, oxidation resistance and
fatigue strength of the alloyd985Lip, 1995Kim, 1995%u, 2000App, 2011A0p]. In
the case of fully lamellar microstructures, the focus has been on refining the grain size
and thus improving ductility985Lip, 1995Kim, 1995Sau, 2000App011Apd. No
research has been done on the microalloying of splgdse gamma lalys as theyare

considered to have little engineering value.

Theselectedalloying elementso TiAl need to besoluble in thesolid solutiosoft h e 9

Ti Al -BisAldohases to enhance mechanical properties such as high temperature
strength, room temperae ductility and creep resistancE9p4Has,2011App]. Also,

the alloying el ements need t o (boctitanium ze t h
phase which nucleates above 882t€)improve the room temperature ductility and
toughness]994Has2000App, 2011App The addition of third alloying elemergsich

as Cr, Mn, Mo and Vtogether with subsequent heat treatment lbesn found to

improve the ductility ob-TiAl [1994Haq.

There are three groups of alloyindements for titanium aluminide$1989Kim,
2011App, 2012Kot]all of whichgenerally affect the position of the phase boundaries
in the TrAl phase diagram.They are categaed in the following composition (in
at.%) Ti(45-52)1 Al(42-49)i X(0.1-3.0) i Y(0.5-5.0)i Z (<1.0) where X =Cr, Mn or
V,Y =Nb, Ta, Wor Mo, and Z=Si, B or.C

X elements (Cr, Mn and V) are used to increase ductility by lowering thereidakilt
energy, thereby increasing the propensity for twinning [2@LRKThe Y elements (Nb,

Ta, W and Mo) are added tomcrease oxidationand creepresistance at high
temperatures012Kol. The Z elements (Si, B and C) are added to refine the grain size
and thereforeanbe used to form fully lamellar microstructures with a finer grain, size

andcarbon addition camcreasestrength by precipitating the sAIC phase [2012kt].
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Alloying elements can improve ductility by influencing the energies of planar defects
and the diffsion coefficientsn o-TiAl [1994Has, 2011App] Other alloying elements
such as boron antlingsten,are added tditanium aluminideso obtain precipitation
hardening, grain refinement and stabilisation of microstructure against grain growth
[1994Has, 2011AdpThe only problem is that elements that improve ductility decrease
the oxidation restance of titanium aluminideand elements that improve oxidation
resistance reduce ductilityNeverthelessextensive research on the alloying of titanium
aluminides has yielded some superiooydl (Table 2.2with good high temperature
properties [202Kot]. Table 2.2 summarizake effect of different alloyinglements on
titanium aluminides. Table 2.3 lists the statéhe-art titanium aluminide alloyghat

are commercialhavailable[2004Bir, 2005V0i2012Kot].

Table 22: Effect of selectedalloying elements on mechanical
propertiesofTiAl [1994Has,2011App, 2012Kol.

Elements Effect

Cr (small amountsMn, V and Mo Improve ductility

Cr (in range of 8% Nb (small amounts)Ta,| Increase oxidation and cres
W, Mo, Ni, C, N and Si resistance

Nb (in range 0/5% - 10%)and Mo Increase high temperature streng
B and W (small additions) Refine grain size

Table 2.3: Commercial titanium aluminide alloys[2012Kof].

ﬁg%ye Developers Composition (at.%) Alloy strengths
GeneraElectric Ductility, fracture
GE 482-2 USA "| Ti-48AlI-2Cr-2Nb toughness, oxidatio
resistance
High temperature
o-MET Plansee, Austria Ti-45Al-(5-10)Nb strength, creep, fatigu
and oxidation resistance
GKSS Research High temperature
TNB alloy | Centre, Ti-(45-47)Al-10Nb strength, creep an
Germany oxidation resistance
Ductility, high
<D™ TiAl Martin Marietta| Ti-45Al-2Mn-2Nb- temperature strengtt
Labs, USA 0.8B stiffness, creep an
oxidation resistance
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2.2.5 Effect of aluminium content

The amount of Al determineghe initial phase to precipitate and the phase
transformations that occur onlislification [2011App, 2012Kdt Depending on the Al
content, titani umTizAl um@gTAH e®i Alana dTdAr pnu Ue 2
phases on cooling (Figures 2.@.10). Titanium aluminides with less than 40 at.% Al
consi s t-Tiglfphaseh Eheyhave no engineering use as they are very brittle at
roomtemperature. Alloys with50 at.%Al, ¢ o n s i-BAl phase, are dlso brittle

at room temperaturebut they have good high temperature oxidation and creep
resistance. The dual phase alloys with Alintherange448 at . %, cBOAlsi st i n
a n &-Tiddl, exhibit the besductility at room temperature (Figure 2)12011App,

2012Kol. As a result most titanium aluminide alloys used for structural applications

have sTAlé maximise thermghysical properties.
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Figure 2.13:Effect of Al content on the room temperature ductility of wrought Ti-
Al metals [2011App].

2.2.6 Effect of noblemetal additions

There is limited researabn noble metals as alloying elements for titanialaminides
[2000Van 2012Mwa, 2013Mwal. Most of the research on titanium aluminides has
been focused on improving room temperature ductility and high temperatemgth
[1993Jha1994Kim|. Noble metals are usually used as alloying elements to improve
corrosion resistancg959Ste, 1996Sch]In titanium and titanium alloys, the addition

of small amounts of noble metaksuch as Pt, Pd, Ag and Rigs improved caopsion
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resistance in reducing acidd9b9Ste, 1996Sch, 2000Man Titanium and titanium
alloys are susceptible toorrosion inaqueous reducing acids such as chloride and
fluoride solutions 1959Ste, 1996Sch, 2000Man In oxidizing media, they
spontaneously form protective oxide films on the surface, although in reducing, media

they can show pitting and crevice corrosi@839Ste, 1996Sch, 20@an).

Alloying titanium with PGMs such as platinum, patigzum and ruthenium, produces
alloys with a passive mixed potential with ane positive valuesas shown in
Figure2.14[1959Ste]. On immersion in acid, the allayndergoegathodic polarization
which initiates the dissolution of the alloy [1959Ste]. As the alloy is dissolved, the
noble metal acauulates on the surface until the electrode potential changes to a more
positive (noble) value and the alloy passivates by formislghatly soluble, protective

and hydrated oxide film.

For titanium aluminides, the addition of 1.0 at®fthe PGMsPt, Pd and Irto Ti-47.5
at.% Al in HCI generally improved the corrosion resistance by increasing the corrosion

potential to nobler values [2013MWa
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Figure 2.14: Schematic diagram showing how alloying with a noble metal
produces a passivenixed potential and a marked reduction in corrosion rate
[1959Ste].
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2.3The Ti-Al-Ni and Ti-Al-Ru ternary systems

The isothermal section at 10 of the TtAl-Ni ternary phase diagram in Figure 2.15
[2007Sch] shows the existencd five ternary phasesl:l - Thed phase TiNiAl 3
melts congruently at 1288. At Ti-52.5AF10.0Ni (at.%), there is a TiAl, TiAland
TioNiAl 3 ( P phase field at 1000°C, and a wide tploase region between TiAl and
TioNiAl3(

The isothermal sectioat 950C of Ti-Al-Ru in Figure 2.16 [1989Kha] shows a wide

twophase fTieAld ©fU o29at | ow ruthenium and hi

Al Al-Ni-Ti
isothermal section 1000 °C

Ti TiNi, Ni

—> at.% Ni

Figure 2.15 Isothermal section of TrAI-Ni at 1000°C [2007Sch].
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Figure 2.16 Isothermal section of TtAI-Ru at 950°C [1989Kha].

2.4 Manufacturing of titanium aluminides

The manufacturing of titanium aluminides is a fairly expensive process because these
alloys have long range ordering up to their melting pf@0tL1App, 2012Kot] This

means they have to be maactiured at high tempdraes (146C0°C) and the equipment

used must havgood high temperature strengti€onventionalprocessing techniques

are investment casting, ingot metallurgy and powder metallurgy. These techniques have
successfully produced titanium aluminide components whien require further
processing like hot isostatic pressing (HIP), ageing, annealindn@ndorking. This

adds to the manufaciag costs of titanium aluminid¢2011App, 2012Kdt

Investment casting and ingot metallurgy produce inhomogeneous components with
segregated microstructurB211App, 2012Kot] This is because the elements makin
up the titanium aluminide alloysave different densities and melting points. Thermo

mechanical treatments, such as hot rolling, forging and extrusion, are then comalucted

theU + b phas el350C)ad bmo@ehiZeCafd refine the microstruetu
Besides thermonechanical treatments, ingots can be subjected to HIP and ageing to

relieve residual stressemydhomogerse and rdine the microstructure.

The powder metallurgy route is considered another manufacturing option as it costs less
than irvestment casting and ingot metallyri011App, 2012Kot] It is alsoa faster
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process which produces more homamsncomponents with less porositgnd new
alloys that cannot be produced via ingot metallurgy and casangbe made The
powder metallurgyroute generally involves gas ataation of prealloyed powder

followed by HIP or extrusion.

Other successfukcentlydevelopednanufacturing techniques are laser forming, direct
rolling and plasma sintering2011App, 2012Kot] These techniques havgeen
successful in reducing the pgsbcessing steps and theref@lso the manufacturing
time. However, they still produce components with some pora@sity thecomponents

are not easily scalabie size

Mechanical alloying is another successfuht@que to manufacture titanium aluminide
component$2011App, 2012Kot] It involves high energy baland attrition milling of
pre-alloyed metal powder for up to 50 hour§he powder particle sizean be reduced
to the submicrometreandnanometraange. The challenge with this technique is the

metal powder contamination from milling media @ahdmilling container.

In manufacturingt is important to eliminate impurities such as oxygen and nitrogen as
they can introduce porosity in the final fataied componen{2011App, 2012Kot] In
order to optinse mechanical properties, it is also important to use a processing

technique that can miniige the grain size.

2.5 Uses and applications of titanium aluminides

Most titanium aluminide applicationare in the aerospace and automobile industry
[1976Cho 1989Nis, 1997Kel, 2000Ch&2011App, 2012K4t Their low density and
high temperature strength make them good candidate materials to make ligh
components jet engine gas turbines and automobgme valves. They can especially
be usedn low pressure turbine blades and high pressure compressor, bldudels are
shown in Figures2.17 and 2.18[2014Gea, 2003Dim] These componentare
conventionallymade from NBSAs whose density is nearly twibat of TiAl based
alloys. NBSAs are already operating at their melting poirt360°C, and the TiAl
based alloys have a higher melting poinl46C0°C) [1992Fo, 1995Imm, 1999Voi,
2012Kol. They are being considered to replace2Rl high temperature stk in
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automobile engine valves, as they are 50% lighter, and have a higher thermal
conductivity and exhibit high tensile stngth at 700°C- 800°C [1989Nis, 1997Kel,
2000Ché&
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Figure 2.17 General Electric GEnX engine[2014Ge3.
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Figure 2.18: TiAl turbocharger wheels mae by Howmet Corporation [2003Dinj.

The challenge with the widespread use of titanium aluminide alloys is their production
costs which are higher than steel and NBSAs [1892F995Imm, 1999Voi, 2012Kat]
They are also more difficuto manufacture due to their low ductility and high melting
points. However their production costs are projected to decreasd several novel
techniques mentioned earlier,have successfully produced titanium aluminide
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componentsvith good mechanicgbroperties. Table2.4 lists the potential applicatisn

for titanium aluminide alloys.

Table 2.4: Potential applications for titanium aluminides [2003Da$.

Vehicle Component No.of | Projected usage
vehicles [kg]
Global first str_lke_/ Hot structures, >2000 30000
Tomahawk missiles compressor, nozzle
Comanche helicopter Nozzles, IR suppression >500 >10,000
systems
Nozzles, exhaust
F-22, JSF structures, engine >700 >100,000
components
Military space plane Thermal protection >2 >5,000
Reusable launcl systems, wing box and )
vehicles verticaltail hot structures: 2-8 | 20,0001 80,000

Due to their high productions costew ductility at room temperatur@nd difficulty in

manufacturing, titanium aluminides are mainly used for specialized military [2003Das]

and aerospace industries [1999Sch, 1997Cle, 2015Gup].

2.6 High temperature oxidation of titanium aluminides

Oxidation is described as the processreby an unstable metal reacts with oxygen to

form a thermodynamically favoured metal oxide. The mechanism of oxidation for any

metalor alloy can be described by the fmlling chemical reaction [1974L3w

XM(s) + =O2()= MxOy

whereM is the reactingnetal and MOy is the metal/alloy oxide.

The dri vi

ng

force for

described irEquation 2.41983Bif:

3 3 J 2414——

oxi dati on

(Equation 2.3

(Equation 2.4)

react.i
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whereR isthe universal gas constant, T is the absolute temperatugas B@ oxygen
partial pressure andia the chemical activity of component
At equilibrium, % i s c onstalhsbEqaation 2.4pBomes:

o/ ¢

@G A-REnN #‘% (Equation 2.5
0
C

Takingthe natural logarithms

ugbfdgc =Q (Equation 2.%
0
G

RearrangingEquation 2.6gives the equilibrium dissociation gsure for the metal
oxide MxOy:

- . . ®pA
o/ !} =0 . —— (Equation 2.

Equation 2.7gives the minimum oxygen potential required to form the metal oxide

MxOy. The Ellingham diagraniFigure 2.19 graphically shows how th&ibbs free
energy (®@GA) changes as a functi oaoftenof t en
used to compare the thermodynamic stability of various oxides. Oxides with a more
negative ®@GA are consi der elgss nagative omore a b | e
posi ti Vherefopssusing the Ellingham diagram,®@4 is more stable than @Ds

and SiQ.

The development of an oxidatiwasistant alloy is based on the addition of an element
that will readily oxidize and form a protective metal oxide on the surface of the base
metal. For this to happen, the surface oxide formed should be more stableethan th
lowest oxide of the base metal [1962Kub, 1970Woo0, 1974Law, 1983Bir]. The Gibbs
free energy of formation of the surfaceride formed shouldbe more negativéhan the
lowest oxide of the base metal. When designing an oxidation resistant alloy, the aim

should be to design an alloy that forms a stable, sjoowing, protective oxide layer
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with good adherence to the substrate [1962Kub, 1970Woo, 1974Law, 1983Bir,
2011App].
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Figure 2.19: Ellingham diagram showing the standard free energy of formation of
selectedoxides at a function oftemperature [2011Apgd.

2.6.1 Mechanisns of oxidation

Dual phase titaniunaluminides have good oxidation resistaradéhoughabove 80€C,
the oxidation resistance is inadequatEdg5Lip, 1995Kim, 1995Sau,1996Tan,
2000Apd. Micro-alloying with Nb, Ta and W is typically used to improve oxidation
resistance. Singlp h a s BAl-lfased) titanium aluminides exhibit good oxidation
resistancebut they are brittle at room temperature. Therefarest research is focused
on improving the oxidation resistance of dual phase (duplex) titanium alumjrddes
they have the optimal ductilit2DO0App, 2011App, 2012Kpt

Meier and Petif1993Mej found that with micrealloying, titanium aluminides form
stable A}Os; oxides below 100°C. Above 100€C, they form mixed oxides of AD;

and TiQ. Zhou et al[2008Zhq found that oxidation of titanium aluminide alloys can
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be divided intawo stages. Stage 1 is thelective growth of aluminacharacterised by
a linear growth in masgain. Stage 2 is the simultaneous oxidation of Ti and Al to form
the oxides TiQ and ALOs, which is characterised by the parabolic increase in mass
gain. They found that adding Nb did not changettiwestage mechanisnbut delayed

the transition fromtage 1 to stage 2.

The mechanism of oxidation in titanium aluminide alloys is believed to occur in four
modesdependent on oxidation temperatusbown in Figure 20 [1994Be}], starting
with TiO, forming only. An increase in temperature results timcker and more
complex scale Above 800°C, complex scales with internal oxidesds, subkscales,

porousand intermixedAl ;O3 TiO, can form.

Titanium aluminide alloys have a high affinity for oxygd®96BeY, therefore even at
room temperature, thin (~200nm), continuous and stable Ti&xide will form on the
surface of the alloy. This is generally accepted as mode | (Figure 2.20) oxidation in

based TiAl alloys.

Mode Il occurs at 800 950°C (Figure 2.20), although farTiAl with higher Al
contents, the temperature can be high®0pBey. At this stage, an alumina scale and
some TiQ form on the surface of the alloy. The alumina scale passivates and protects

the substrate, ensuring minimal loss of the alloy.

At higher temperatureap to ~1100°C, mode Ill oxidation occurs (Figure 2.20) and
most aircraft applications occur at this temperature rahg@6Bey. Here, a trlayer
oxide scale is formed, consisting of an outerll&@yer, an intermixed Ti&Al,O3 layer
underneath the TiOlayer, and a stationary ADs at the interface of the substrate and

oxide layer. Passivation is minimal and breakaway oxidation occurs.

Mode IV occurs above 1100°C (Figure 2.20), where internal oxidation occurs, resulting

in even more rapid deterioration bktalloy [L996BeY.

Taniguchi and Shibata [1996Tan] proposed that titanium aluminides form a scale with
two layers after mode Il oxidation (Figure 2.21). The scale consists of an outer TiO
layer and an inner, porous and intermixed JAD,O; layer. Thetwo layers are

separated by a nezontinuous AJOslayer which can act as a barrier to oxidation. Also,
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at the interface between the layers, large voids can be present (Figure 2.21 [1996Tan]).
In the substrate adjacent to the substrate/scale inteAég£@; platelets are present as
internal oxides. The areas between the internal oxides have titanium which transforms
to lamellar T3Al and is oxidized as oxidation proceeds. After long oxidation times,
cracks develop near the substrate/scale interf&rz@ing oxidation, titanium ions and
oxygen ions diffuse through the outer Fi@yer [1983Kof]. Oxygen ions diffuse much
faster than titanium ions, so the outer Fi@yer grows by the outward diffusion of

titanium ions and the inner THAI O3 layer grows by the diffusion of oxygen ions.
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Figure 2.20: Mechanism of oxidation in2-based titanium aluminides [1996ByY].
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2.6.2 Thermodynamics of oxidation

Like titanium alloys, titanium aluminides have a high affinity for oxy§&®93Mei,
1996Bra, 1996Tar2011Apf. From room temperature, they react with oxygen and air
to form oxide scales with varying amounts ®fO, and ALO; depending on the
oxidation temperature and the Al content of the TiAl alld®@93Mei, 1996Bra,
1996Tan 2011App. Pure o-TiAl alloys (Al content >52 at.%), do not form a
continuousAl,Oz: instead in air and in oxygen der atmospheric pressure at 820
1150°C, they form an intermixed scale of Ti® Al,0O3; [1993Mei, 1996Bra, 1996Tan
2011ApgQ. This is due to the thermodynamic stability of TiO (which rapidly oxidises to
TiO,) and AbOs3 being very similar Figure 2.22[2011Apg indicates that the oxygen
equilibrium pressures of Al/ADsand Ti/TiO are similar, making it difficult to predict

the most stable oxide.

In titanium aluminides, TiQoxide grows faster than &AD; (1 mole of TiAl produces 1

mole of TiG and 1/2 mole AlOs) [1996Bra, 1996Tan2011App]. The presence of
TiO, should be suppressed as the Jgains provide quick diffusion paths for oxygen

and less protection for the substrate materiaiady et al. [1996Bra] proposed that the
TiO, may also act as a shanircuit transport pathenabling the interstitial dissolution of

O, and nitrogen particles into the alloy at elevated temperatures. This results in the
embrittlement of the alloy and degradation of the mechanical properties such as the

fatigue life of the alloy.
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Figure 2.22 Oxygen equilibrium pressures of selected metal/oxide system
[2011ApQ.

2.6.3 Kinetics of oxidation

During oxidation, the base metal reacts with its surrounding atmosphere and starts to
form various types of oxides and corrosion products ag&geation2.3. The kinetics

of this oxidation reaction are dependent the material, temperature and time and can be
described as linear, parabolic, cubic and logarithf@@l1Apgd. Linear oxidation
kinetics are typical for metals that form oxides with no protectibthe underlying
material. Parabolic oxidation kinetics are observed wheroxide scale growth is
diffusion-controlled and thisis typical of oxidatiorresistant alloys. As oxidation time
progresses, the kinetics of oxidation can change, i.e satlay change from parabolic to
linear oxidation kinetics with time. Also, if sufficient stress is built up within a scale
with time, then cracking or spallation can occur [201AJApThe kinetics of the system

rather than the thermodynamicentrol theoxidation rate [2011App].

It is generally accepted that titanium aluminides follow parabolic kinetics in short,

isothermal oxidation conditions and may experience breakaway kinetics (cracking and
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spallation) at longer oxidation times [1989K4$€89Uma, 192Bec] As mentioned
above, titanium aluminidalloys react and form an oxide scale when exposed to an
oxidizing environment (air/g) at high temperatures [1996f}. The weight changes
which occur due to the formation of the scale can be plotted against tlBraphs
similar to Figure 2.232011App| can be plotted for different alloys. Depending on
material and temperature, different rate laws can be observed (linear, parabolic, cubic
and I@arithmic) [1962Kib.
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Figure 2.23 Schematic diagram showing the kinetics of oxidation for TiAl alloys
[2011App].

In Figure 2.23[1992Be¢ 1995Rah 2011App, Stage A indicates the growth of the
protective oxide AIOzwith very little oxidation of the material (low mass increase). As
time progresses, stage B occurs where th®Ascales starts to break down and a
mixed TiQ, + Al,O3; scale forms. At stage C, breakaway oxidation occurs due to a
complete breakdown in the A); scale and the formation of a nprotective TiQ

oxide scale.

The linear rate law is described by [1962K]:
y = kit (Equation 2.8

wherey = scale thickness,% time and k= linear rate constant.

A linear oxidation rate is observed durimgtial scale growth. It occurs when an oxide
layer does not act as a solid state diffusion barrier and does not protect the substrate.
The oxidation of the metal/alloy proceeds at a constant rate and a phase boundary

process controls the overall ratere&ction[2011App]

The parabolic rate law is described by [196BK
( pm7=Ay (Equation 2.
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where m = mass (g) of metal, A = surface are&)ctr= time (s) and K= parabolic

oxidation rate constant in rhgm*.s™.

A parabolic oxidatiorrate applies when the diffusion of ions through the scale is the
rate controlling process as thatial rapid scale growth rate decreasdh time. It
occurs dung high temperature oxidation, arglusually observed in oxidatigesistant
alloys. Materials with low k; values have slower oxidation kinetics and are considered

more oxidation resistant [201 D).

The logarithmic rate law is expressed by [196BKas:

Y = Kioglog(t + to) + A (Equation 2.19
andl/y = B kylogt (Equation 2.1}
wherey = thickness, A, B, kg and k are constants at time t.

Logarithmic oxidation rateis characterized by thérmation of thin oxide scales
between 0.0020 0.0040um due to a quick reduction of the initial rapid rate of scale
formation to a veryow rate of reaction. It usually occurs to metislloys oxidised at

low temperatures ~40G.

Most metals oxidie at a more rapidate than the measured bulk diffusion rate
[1996Bra,2011Apg. This is because the transport of reactants through theisday

bulk lattice diffusion and diffusion along low resistance, short circuit paths such as
grain boundaries, dislocations, pores and m@exks. The presence of cracks and
pores in the scale provide direct access for oxygen. For oxidation resjstais thus

important to have a continuous oxide scale with minimal cracks and pores

2.6.4 Oxide scales

Oxidation resistance of high temperature alloys depends on the formation of continuous,
slow growing oxide scales. The scales@l and CpO3; are mostly stoichiometric
oxides [1992Mei, 2011App with low defect concentrations and they thus develop
relatively more protective oxide scales. Alloys 0$®@d, SiO, and BeO are of principal

interest because they elith low diffusivities for bothcations ad anionsas well as
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being highly stable [1992Bf]. In Ti-based alloys, the oxides of the base metal
(TIO[TiOy) are almost as stable as those of Al, Si and Be. Thipreentselective

oxidation.

In alloys there should be a sufficient supply of Alda@r[1992Mei, 2011Appto form

a protective AlO3z and CpOs. An ideal scale should be highly stable, free from stress,
cracks and pores at high temperatures. It must be coherent and remain adherent to the
surface, even after cyclic conditions. A magatback with AJO; scales is that they

crack and spall under cyclic oxidation conditions.

I'n titanium al umi ni de sAlOst(dorandudmp ratmeathan then o f
metastable aluminphaseg o, d, is f@gquieed Wetastable aluminaansfornsto
corundum upon heating to above 900°C. The eaderwofation of corundum on the
surface of an alloy depends on the alloy grain size, surface famshamounbf cold

work, initial oxide present anché method of heating the alld$962Kub, 1965Hau,
1970Wbo, 1974dg, 1983Hr].

Two other factors are also significant in the formation, composition and structure of the
oxide layer:the thermodynamic stability of the oxide layer formg®65Hau]and the

crystal structurgof the oxide scale and substrate which deteentihe adhesion between
them An essential requirement for the formationaohorporous and adherent scade

the capability of the substrate and oxide scale to withstand stresses that develop from
the growthof a scale [1965Hau]. The scale needs to have véatiice positions or
interstitial sites to allow the infiltration of reactants such as cations and oxygen. The
diffusion of reactants through the scale enabtmle growth and internal oxidation.

2.6.5 Hot saltoxidation

Hot saltcorrosion is accelerated oxidation which affects alloys that are exposed to high
temperature combustiogases with impurities [1997Nidt is noticeable in turbines at
7007 900°C with NaSQOy as the corrosive med[d997Nc]. The source of N&O, can

be from salt ingestion into the engine from atmospheric aerosols, alkali metals in the
fuel and sulphur gases from combustion of the flE®®7Nid. Hot corrosion usually

affects alloys exposed to gas turbines and incinevatand occurs in two stages
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[1997Nid. The initial stage occurs by the destruction c# fhrotective oxide layer
[1997Nid, which can occur by thermal cycling, mechanical stressing or abrasion and

impact, as well as by dissolving in molten salt.

The prgagation stage occurs by the sulphidation of the TiAl alloy [19g71Sulphur
from combustion gases combines with reactive metals in the alloys to form a dispersion
of sulphide particles within the metal. These sulphide particles sexrdpidly and
release sulphur in the oxidation reaction. The sulphur penetrates further into the metal,

so that the preess becomes sgidfopagating.

Typical reactions in turbine engines include [198]N
2NaCl + SQ +-O; + H,O = N&SQ, + 2HCI (Equation 2.1p
2Nad + SG; + H,O = NgSOy + 2HCI (Equation 2.13

Reactions 2.12 and 2.Hse common in the tempeuae range of 6501040°C.

Hot corrosion of TiAl alloys is believed to occur by the mechanism explained above
[1997Nc]. Itis detrimental, especialiythe continuous and protective alumina coating

is not formed and the intermixed8l/TiO, scale is present

2.7 Agqueous corrosion of titanium aluminides

Most of the research on titanium aluminides has been focused on the high temperature
aerospace andutomobile applications, due to weight savings which can be achieved
and their good high temperature performafi&@¥6Cho, 2011App, 2012Kot]. There is
therefore limited research on the room temperaageeous corrosion of titanium
aluminides.  Titanium laminides could be used to replace titanium alloys in
petrochemical processing, offshore oil and gas, marine environments and the fabrication

of medical implants.

Titanium and titanium alloyfiave excellent corrosion resistance in most neutral and
oxidizing aqueous environments [1959S1896Sch, 2000an]. However, in reducing
environments, such as low pH chloride solutions, titanium alloys are susceptible to

crevice and pitting corrosion. Thus, palladigontaining titanium alloys are being
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usedin low pH chloride solutions to improve corrosion resistance, although palladium
Is increasingly being replaced by ruthenium to reduce dd€983Lum, 1996Yan,
2000Van] The TiRu alloys can be used to make lighter and cost effective components
for: downthole oil and geothermal sour wells, hot brine plate exchangers,-alali

and chlorate cell anodes and linéfae pH in these environments can be similar to that
of 5 wt% HCIl and 25 wt% HCI.

As stated above, there has been limited reseancithe room temperature aqueous
corrosion of titanium aluminides. Most of the research has focused on the corrosion
performance i n dRAmmaianiundaumisidelalloys icoold be aised for
bone repair and replacement [1996Saf, 2006Del, 2009Ha Gamma titanium
aluminidehasgood corrosion resistance in Ringer
modification (oxidation in air at 500°C and 550°C) [2006Del, 2009Ham@kidized
gamma titanium aluminide also has good corrosion resistance in sea water and 3.5 wt %
NaCl [2007Del]. Saffarian et al. [1996Saf] found that titanium aluminide al\®ye
susceptibleto pitting corrosion in aqueouNaCl and that the pitting pential was
dependent on the pH or ‘Cbncentration. In this study, aqueous corrosion tests were
done on two HCI concentrations (5 wt % and 25 wt %) to assess the effect of solution

concentration on the corrosion rate.

2.7.1 Corrosion mechanisms

Coarrosion is a chemical reaction where metals and materials deteriorate under an attack
from their surounding environment [1971Den, 1973Wes, 1982Shviost corrosion
reactions are electrochemical reactions as they involve the transfer of electrons between
the electrode (metal) and electrolyte (liquid containing ioriE)ere are two types of
electrochemical reactions: anodic, where the reaction transfers eledtrotise

electrodeand cathodicwhere the reaction takes electrons from the electrode.

Corrosion has four sukeactions which act in seri¢971Uh], and f one of then is
retarded, then the overall cosion process is also retarded. The-sedrctions involved
are illustrated in Figure 2.1@R004McE] and include the electrochemical reansp

electron transfer and an electrical connection (ion flow).
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droplet

Iron hydroxide
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causes pitting
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|| reduces oxygen |
from air, forming

hydroxide ions.

Figure 2.24 Schematic of the four subreaction which occur whena metal (ron)
corrodes in contact in with an electrolyte(water) [2004McE].

Anodicreaction

The anodicreaction is alscknown as theoxidation reaction whereby lhe metal is

changed into a charged species and goesaitdion

The anodic reaction releases electrons and a loss of metal p@ntsh].
M MM + 2¢ (Equation 2.14)
where M =atom on metal surface, #= ion in solution and 2e= electrons in metal.

Equation 2.14 shows that electron3 &e released by the anodic reaction.

Electron flow

Electrons released by the anodic reaction flow through the metal (eledcraaie)he
arodic site to the cathodic site. hiE movemenbf electrons represents a curreht
which by convention, flows in the opposite direction of electron fliogv the current

flows towards the site of anodic reactjd®71Uh].

Cathodic reaction

The eleatons are used by one or more cathodic reactidss, known as reduction
reactiong1971Uhl]. In different environmentsypical cathodic reactions are:

O, +2H,0+4éY 4 OH (Equation 2.15)
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2H"+2eY H (Equation 2.16)
O,+4H +46Y 2,0 (Equation 2.17)

Equation 2.15 is the typical cathodic reaction in neutralalkaline environments

Equatiors 2.16and 2.17 ar¢ypical cathodic reactiain acidicenvironments.

lon flow

To close the electrical circuldtetween the anodic and cathodic sites, the current | must
also flow through the electrolyfd971Uh]. Any ions that may be dissolved in the
electrolyte (such as OHH", CI, Ti** and AF") carry the current between the anodic

and cathodic sites

For corrosion to occur, all four safeactions must happen simultaneousdy1Uh]. If
one of the reactimis halted, then the whole corrosion process is halted. Hence most

corrosion protection metho@se based on retarding one or more of thersaltions.

Importance of current (1)

The corrosion current is directly proportional to the rate a metal is corf@82dUh].

This relationship is given as:
Rate (moles/second) = I/zF (Equation 2.18)

where F= Faraday constant = 985 C/mol, z= valenceof the corroded metaand 1=

current.

Since the corrosion rate will be the same whether for a large or small area of a metal,
the corrosion current density(current divided by the total exposed area of metal) is
used inEquation 2.18.

Therefore theate of corrosion becomes:
Rate (moles/secomunt) =i/zF (Equation 2.19)
where the corrosion rate is directionally proportionahcorrosion current density.

Importance of potential (E)

The potential of the corroding metal affects the rates ofathedic and cathodic
reactiong1971Uh]. The rate of the anodic reaction increases as the potential becomes

more positive and similarly the rate of the cathodic reaction increases gsotkeatial
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decreases (Figure 2.25971Defh). The potentialvherethe rate of the anodic reaction

is equal to the rate of the cathodic react{equilibrium) is the corrosion potential
(Ecorr). At equilibrium, the rates of the anodic and cathodic reactavesqual and
oppositeandare referred to as tlexchangecurrent densitywhich isthe corrosion rate

(icor) Of the meta[1971Uhl 1987Fon, 1992J¢n For metals in solutionhe larger the
exchange current density, the fasterrédox reaction will be, as expressed in Equation
2.19. The exchange current detysis dependent on the nature of the redox reaction, the
electrode composition/surface, temperature and the concentration ratio of oxidised and

reduced species.

+ .

7 N
Er,H‘sz "/ Hz"zH +2e
F—— 3 X

Anodic

Electrode potential

Cathodic

~
~

fog current density

Figure 2.25: Schematic anodic and cathodic polarisation curves for a metal
corroding in an acid solution[1971Den].
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2.7.2 Kinetics of electrochemical reactions

Polarisation

Electrochemical reactions can be limited by physical and chemical environmental
factors such as temperature, pressure, metal ion concentration and electrolyte pH
[1987Fon, ®92Jon]. An electrochemical reaction is thus said be polarised or retarded
by these environmental factors. Polarisation is classified into two typets/ation and
concentration polarisation. Activation polarisatiof) ¢ccurs when the electrochemical
process is controlled by the reaction sequence at the -eletstolyte interface
[1987Fon, 1992Jon]. For examplese thydrogen evolution reaction d&ation 2.16)

can occur in three major steps [1987Fon, 1992Jbnitep 1 (Fjuation 2.20), Hreacts

with an electron from the metal and forms an adsorbed hydrogen atg dil the
surface [1992Jon]. In step Eduation 2.21), two ks react to form a hydrogen

molecule. In step 3, the hydrogen molecules combine and form a bubble on the surface.
H'+eVY K Equation 2.20
Hads* HagsY ~ H Equation 2.21

Any one of these step$he slowest step¢an control the rate of hydrogen evolution
(Equation 2.16) and cause activation polarisation. Polarisation is also commonly known

asoverpotentid[1992Jon].

Concentration polarisation occurs in electrochemical reactions that are controlled by the
diffusion of ions in the electrolyte. In the case of hydrogen evolukgngtion 2.16),

the reduction rate is controlled by the diffusion 6ftdl the metal surface. Therefore

the reduction rate is controlled lByrocess occurring in the bulk solutigather than at

the metadelectrolyte surface [1987Fon, 1992Jon].

Passivity

Passivity occurs when metals/alloys cease to react with their surrgugr@diironments

by forming thin suface films [198&o0n, 1992Jon, 1996Hin]. The metals used to
constitute the alloys in this study (titanium, nickel, aluminium and ruthenium) are
among some of the common engineering metals and alloys whicsusceptible d
passivation [198Bon, 1992Jon, 1996Hin]. Figure 2.26 illustrates the typical behaviour

of an alloy that shows passivity in a corrosive environment. The behaviour of the alloy
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can be divided into active, passive and transpassive regions. In theregibre(points

A to B), the alloy behaves like a typical metal where a slight increase in the oxidizing
power (electrode potential) of the solution causes a rapid increase in the corrosion rate
and reaches a maximum at the passivation potentig) ([E98Fon, 1992Jon,
1996Hin]. The critical current density) is at the passivation potentialhe passive

region (pointC to F) beginsafterthe corrosion rate suddenly decreaesnts B to C)

and remains fairly lo< 1uA.cm) and constantith anincrease in electrode potential
[1986Fon, 1992Jon, 1996Hin]. At very high electrode potential (high concentrations of
oxidizing agent), the transpassive region (points F to I) begins where the corrosion rate

increases again with increasing oxidizing poyetectrode potential).

The passivation region ends at the pitting poterigl where the current density
increases rapidly with an increase in potential (DE). The valug isf dependent on

the concentration ratio of inhibitive anions (stabilize txide film) and aggressive
anions (break down the oxide film) in the electrolyte. If thersuSiciently more
inhibitive anions than aggressi anions in solution, the brealown of the passivating
oxide film can be completely suppressed and no pithotential will be observed. As

the ratio of inhibitive anions to aggressive anions decreases, the pitting potential
becomes more negatiy&#986Fon, 1992Jon, 1996Hin]

In some metals, transpassive dissolution is observed (FG) where the oxidenfding

stable, the metals produces soluble ions and the current density increases with a more
positive electrode potential. As the electrode potential increases, the rate of
transpassive dissolution may decrease due to secopdssivity (point G) [1996Hin].

As the electrode potentiahcreases furtherthe breakdown of water occurs, and the
current density incises with potentiglHI) due to the evolution of oxygeiEquation

2.22)

2H,O YD, +4H" + 4¢ Equation 2.2

In corrosion experiment§l996Hin], polarisation curves (potentiodynamic scans or
Evans diagrams) similar to Figure 2.26 are obtained and used to find the corrosion
potential, corrosion rate (corrosion density) and corrosion behaviour of metals and

alloys.
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Figure 2.26 Corrosion characteristics of an activepassive metal as a function of
solution oxidizing power (electrode potentialJ1996Hin].

Oxide film formation during corrosiofi996Hin]

At the onset of corrosiofFigure 2.26), the metal/alloy surface reacts with water to form
an oxide. The oxide gradually spreads over the surface and forms a thin film
completely covering the metal/alloy (AB). The oxide film slows the flow of metal ions
and thus decreases theremt density to a small value (BC)l'he metal/alloy is thus
protected against corrosion by a passivating oxidewilith starts forming atf. The
Eppvalue is dependent dhepH value of the electrolyte and the concentration of anions
in the electrolyte Oxide films generally become more stable with increasing pH and

therefore thecritical current densityi{i;), generally decreasensiderably as the pH
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increases Thus thevalue ofiqit can givea meaare of the ease of passivatiahge

smaller the current, the easier is passivation

When the metal surface is completely covered with a passivating oxide film, the oxide
film thickness increases to an equilibrium value and the current of metal ions passing
through thefilm becomes indepemat of potential(CD). As time passes anthe
electrode potential increases, the oxide film starts to breakdown and form anions
(usually chloride ions) which increase the current again (DE). The dissolution of the
oxide film is usually localised or inities at weak points such as grain boundaries,
dislocations, cracks and inclusions in the metal/alloy. The underlying metal (substrate)
is then exposed to the corrosive environment and can dissolve leading to an increase in
current density. In some metaldoys, like titanium and titanium alloys in reducing
environments 1959Ste, 1996Sch, 2000Vanjontinued dissolution can lead to the

formation of pits

As mentioned abovepme metals/alloys can have very stable oxide films and undergo

transpassive dissolution, along FG in Figure 2.26. This phenomenon is usually
observed in strong oxidising solutions such as nitric acid. If potential is increased
further,secondary transpsise dissolution can occur in some metals/alloys.

2.7.3 Cathodic modification

Cathodic modification is an electrochemical technique used to improve the corrosion
resistance of mostly titaniuadloys and stainless steelsreducingmedia[1990Pot]. In
cathodic modification a noble metal (such as gold, silyeruthenium, rhodium,
palladium, osmium, iridium and platingnhaving a high cathodic exchange current
density(rate ofreaction at equilibriumfor the reduction of H2H" + 26 Y  §), is
added ta base alloy to induce passivitythe new metal matrikl961Gré.

Cathodicmodification was first discovered by Monnartz in 1911 when he found that
winding a platinum wire around stainless steelalloying it with platinum, improved

its corrosion reistance in certain aci§s911Mon] Tomashowet al.[1948Tom] further
confirmed the cathodic modification concept for stainless steels, titanium and titanium

alloys.
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The presence of platinum in th&ainless steel produces a mareble alloy by
increasing the electrode potential to a value higher than the passivity potential. In a
corrosive environment, the alloy passivates by forming a sparingly soluble, protective
and hydrated oxide film on the surfacd-igure 2.27[1990Pot] shows the effecof
cathodic modification, where line p/Arepresents the cathodic polarization curve of a
base metal, and line ;Athe same metal which has been alloyed and therefore
cathodically modified. Therefore, the addition of corrosiesistant noble metate Ay

should produce the cathodically modified alloy,Avhere the corrosion potential is

more noble antlesin the passive region of alloy,A

For an alloy to be corrosion resistant by cathodic modification, the following criteria
must be met in the base all@i990Pot]:

1 The base alloy must have a small critical current densify) that can be
exceeded by the current of the hydrogen cathodic reaction on the addition of a
noble metal at the given passivation potential.

1 The passivation potential of the basetal must be sufficiently negative to allow
the noble metal to change the corrosion potential to a value within the passive
range of the base alloy. Also, the passive region of the base alloy should extend

to potentials that are more negative than tkexegotential of the environment.

1 The transpassive potential of the base metal should be sufficiently pdsitive
allow a wide passive range
Trans

passie /

Passivi
E(V) A

Addition of PGM
............... Ao

log (Am?)

Figure 2.27 Schematic diagram of the effect of cathodic modification [1990Pot]
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Stern and Wissenberg [1959Ste] found thrally small amounts of PGMaere required

to drastically improve the corrosion resistance of titanium in boiling dilute sulphuric
and hydrochloric acids (Table 2.6)Pt, Pd, Rh and Ru produced the best corrosion
resistance; Os, Ir and Re had an intermediate effect, Au was effective at higher

concentrations and Cu and Ag were detrimental.

Table 2.6: Effect of various alloying additions on corrosion resistance of &hium
[1959Ste]

Weight loss in 24 h (mil/yr’
Boiling Sulphuric Acid Boiling Hydrochloric

Composition 1% 10% 3% 10%
Titanium 46( 395( 242 450(
Ti + 0.064% P1 <2 14¢ <2 12¢
Ti + 0.54% Pt <2 48 3 12(
Ti + 0.080% Pd <2 16€ 3 10C
Ti + 0.44% Pd <2 45 <2 67
Ti + 0.10% Rh <2 2€ 5 96
Ti + 0.50% Rh 3 48 <2 55
Ti + 0.10% Ru 3 187 5 28(
Ti + 0.50% Ru <2 48 <2 11%
Ti+0.11% Ir <2 35¢ 3 12(
Ti + 0.60% Ir <2 45 3 88
Ti + 0.10% O¢ 5 48( 3 182(
Ti + 0.48% O¢ <2 82 3 20€
Ti+0.11% Re 23E - 34E -
Ti + 0.36% Re 9 - 30 -
Ti+0.11% Au 105( - 150( -
Ti + 0.48% Au 3 - 9 14¢€
Ti + 0.040% Ad 50C - 334 -
Ti + 0.34% Ag - - - 485(
Ti+0.17% Cu 47C - 34C -
Ti + 0.44% Cu 66C - 55( -

*The possible weighing eor of these tests is + 2 milly

Also, for the alloy to be corrosion resistant [1990Pot], the cathodic alloying component
(noble metal) should have a higher exchange cudensity (and lower ovpotentia)
for the reduction of H(2H" + 26 Y ) than the base metal or alloy. The noble metal

should also be corrosion resistant under the given conditions. In reducing acids
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[1990Pot] such as sulphuric and hydrochloric acids, titanium based alloys (along with
Cr-based alloys and stainless ste¢laye a sufficiently negative passivation potential
and PGMs have the required high exchaogeent density (and low overpotendidbr

the hydrogen ion reduction. Therefore, when a sufficient amount of PGM is added to a
Ti-based alloy, there will be andrease in hydrogen evolution, the corrosion potential

of the cathodically modified alloy will increase to a passive region and the modified

alloy will spontaneously passivdtE990Pot].

2.8 Rationale ofthe dudy

The Ti52.5AF10.0Ni (at.%) and TFb2.5AF10.0N+0.2Ru (at.%) alloys were
manufacturedo investigatewhetherthe high Al content (52.5 at.%gyould promote
formation of the protective AD; oxide instead of the neprotective TiQ oxide on the
surface of the alloysNickel was added to the ajleto improve corrosion resistance
becauseit improves corrosion resistance in nickel aluminides by promoting the
formation of the protective AD; oxide [1996Bra] Ruthenium was adddd the alloys

as its presence in ferritic ste¢l977Stt and somditanium alloys 1959Sté improves

corrosion and oxidation resistance.

The behaviour of F62.5AF10.0Ni (at.%) and F62.5AF10.0N+0.2Ru (at.%) alloys
under typical serviceonditions experienced in asmace enginesvas investigated.

The alloyswereexposed to aior NgSOy at 950°C

The alloys were also exposed ddute (5wt%) and concentrated (25 wt%) H@
investigate their corrosion behaviour in a reducing environment at room temperature.
Titanium and titanium alloys are susceptible to pitting and crevice corrosion in reducing
environments I959Ste, 1996Sch, 2000Van]t was investigated whether theepence

of nickel and ruthenium would encourage passivation offtHe2.5Al (at.%) alloy by

cathodic modification.
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CHAPTER 3: EXPERIMENTAL PROCEDURE

3.1 Alloy synthesis

The alloys were made by mixing and melting p(®88.96%) elementalpowders of
titanium, aluminium, nickel and ruthenium in a button arc furnace under an argon
atmosphere. The alloys were-meelted three times to attempt the production of
homogeneous buttons thfe base alloyi-52.5AF10.0Ni (TAN) and Ti52.5A-10.0NF
0.2Ru(TAN+Ru) in at.% A titanium oxygergetter button wasirst melted to react
with any residual oxygenr nitrogen which mighhavebeen present.The alloys were

cut using a watejet line cutter into samples which were used for subsequent tests.

Some samplesf eachalloy were annealed at 1050°C for 120 hours @aabolite tube
furnace under an argon flow, where they were heated at a rate°Gfniif and
subsequently furnace cooled. The rest of dley samples were left in the ascast
condition andwere used for gbsequent isothermal oxidation, cyclic daiion and

corrosion test work.

3.2 Metallography

All samples were mounted and ground flat using 200, 600, 800 and 1200 grit SiC paper
consecutivelyThe exposed surface of the sample was themondpolished toa 1 pm

finish. The samples wereohetcled

3.3 Characterisation of alloys

The ascast, heat treated and samples obtained after oxidation and corrosion tests were
charactesed in terms of microstructure and hardneAs-uturetect® FV-800 Vickers
hardness tester, using a 10 kg load, was used fohdhgness test work.Five

measurements were taken on each sample, and the samples were analysed for cracks.

The composition and phases of the samples were determined using a combination of

energy dispersive Xay spectroscopy (EDXh the SEMand Xray diffraction (XRD).
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A Carl Zeiss Sigm@& field emission scanning electron microscope-&HEV) was used
for EDX analysis, and at least five measurements were taken for each reported phase
analyss. The PANAlytical X 6 P e r@ powrler aliffractometer was used for XRD.

Phase identification was conducted ushg P HighscorePlus® software.

3.4 Oxidation testng

3.4.1 Thermogravimetric analysis

Thermogravimetric analysiSFGA) using a NETZSCH STA® instrument wagloneto
investigate the oxidation behauioof theTAN andTAN+Ru alloys in air. The samples
were heated from room temperature to 1050°C at a rate°Gfirbdh and subsequently
furnace cooled. The mass gaiof the alloys were recorded with increasing

temperature.

3.4.2 Isothermal oxidation tests in air

The longer term effect of oxidation in air was determined by heating the alloys in a pre
heated front loading muffle furnace for 120 hours and 720 hours at 950°C. After the
oxidation tess, the samples were taken out of the furnace and allowed to cool in air at
room temperature. Each sample was weighed before and after the oxidation tests using
a Mettler Toled® analytical balance. The mass gain of the samples was calculated and
the surfaces as well as the crssstions of the samples were examined using
PANAlytical X 6 P e r@&X-raf diftractometerand a Carl Zeiss Sigma SE® with

EDX.

3.4.3 Cyclic oxidationtests

Samples were oxided in air under thermal cycling between room temperature and
950°C for intervalof 1, 5, 10, 25, 50, 80 and 1R@ursin a tube furnace. Each cycle
entailed:

1 Weighing the polished sample
1 Heating the sample for the requiredeintal at 950°C

1 Air cooling the sample for 10 minutesnd
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1 Weighing the sample and then repeating the cycle.

After 120hours the samples and resulting oxides were asealipy XRD and SEM with

EDX to determine thir compositions and structures.

3.4.4 Hotsalt oxidation tests

Polished samples were weighed and then completely immersed3@Na an alumina
crucible with a lid. The sample, sahd crucible were exposed to cyclic loading in a
furnace at 950°C in air. Exposure times of 1, 5, 10, 25, 50, 8Q20ttburs were used.
After each exposure time, the sangpleere cooledto room temperature and then
cleaned by immersing in boiling watir remove the salt melt (M&O, melts at 884°C
[2014Sci). The cleaned sam@evereweighed on a analytical balance to determine
the weight gain from hot corrosion. The salt was replenished after eachraxigist.
After 120hours, the samples andsudting oxides were anadgdby XRD andSEM with
EDX to determine their compositions and structures.

3.5 Agueous corrosion tesig

The surfaces of the samples were ground to a 1200 grit SiC paper finish, degreased with
methanol, rinsed with distilledvater, and dried. The surfaces were prepared just prior to
starting the polasation experiment to limit longerm oxidation. Before conducting the
scan, each sample was immersed in the stfition for an hourto obtain a stable

corrosion potential.

Potentiodynamic scans were conducted onTtAB and TAN+Ru alloys in dilute HCI

(5 wt%) and concentrated HCI (2Wt%) at 25C. An ACM AutoTafe®
potertiostat/galvanostat system wita conventional threelectrode system with a
saturated calomadlectrode(SCE) was usedPotentiodynamic scans were done from
1000 mV to +400 mV at a scanning rate of 10 mV.mijnfor two hours.All
electrochemical tests werepeated once for each sample because of a lack of material.
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CHAPTER 4: RESULTS

4.1 Microstructure and morphologyof TAN alloy

The targeted compositio(ili-52.5AF10.0Ni at.%)of the TAN alloy was obtained

(Table 4.1) Thed | oy f or me d-TiAl surrdunded by 8 u®o £ c TIAL of 0
and TpNiAl 3 ( ) as shown irFigures 4.1 and 4.2 Most of the nickel wapresentin

the Ti,NiAl 3 ( JJphase, witlonly trace amounts in the TiAl dendrites.

The eutectic coarsened with heat tr-eat men
TiAl dendrites was slightly enriched in Ti (~1%id slightly depleted in Al (~3%). In

the eutectic, the titanium and aluminium contents decreased slightly and the nickel
content increased by5% after heat treatment (Tables 4.1 and 4.2). Like theasis

alloys, the heat treated alloys were britthel @ontained cracks.
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Figure 4.1: XRD pattern of ascastTAN, showingdendrites (dark) in a TiAl +
TioNiAl 3 ( H(light) eutectic.
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EHT = 20.00 kv Signal A =NTS BSD Date :12 Nov 2013
WD = 85 mm Mag= 2.00 KX Time :11:30:38

Figure 4.2 SEM-BSEimageof ascastTAN showingo-TiAl dendrites (dark) in a
TiAl + TioNiAl3( §llight) eutectic

EHT =20.00 kv Signal A=NTS BSD Date :12 Nov 2013
WD = 6.5 mm Mag= 2.00KX Time :11:13:28

Figure 4.3: SEM-BSE imageof annealedTAN s h o w i-TmAf dendrites (dark) in
a TiAl + Ti,NiAl 3( §(light) eutectic.
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Table 4.1 EDX analysesfor as-castalloy TAN.

Area Composition (at.%)
: : Phase
Ti Al Ni
Overall 374+11 | 52.8+1.2| 9.8+05 |-
Dendrites 439+13 | 55.6+0.8/ 0.5+01 | o-TiAl
Eutectic (light) 37.8+1.1| 49.9+0.5| 12.3 +1.2| TizNiAl3( )
Eutectic (overall) | 41.2+0.9 | 52.2+0.8| 6.6+ 1.3 | o-TiAl+TioNiAl 3(

Table 4.2 EDX analysesfor heat treatedalloy TAN.

Area Composition (at.%)
: ; Phase
Ti Al Ni
Overall 389+1.1| 514+1.1| 9.6+0.5 -
Dendrites 449+13 | 52.2+0.8| 0.7+x0.1 | o-TiAl
Eutectic (light) 35.3+1.1| 49.1+0.5| 16.2 + 1.2 TioNiAl3(
Eutectic (overall) | 37.5+1.1 | 50.5+0.8| 12.0 = 1.1| o-TiAl+Ti ;NiAl 3(

4.2 Microstructure and morphology of TAN+Ru alloy

The targeted compositiofTi-52.5AF10.0N0.2Ru at.%)of the TAN+Ru alloy was

obtained(Table 4.2)and all elements wengresentin two phases. Thalloy (Figures

44and 43 al so f or medi Allenduntesn dbddTidbagnd a eut
TioNiAl 3 ( ) Most of the nickel and ruthenium wepeesenin the TioNiAl 5 ( JJ)phase,

with only trace amounts in the dendrit@&ables 4.3 and 4.4)

The eutecticcoarserdwith h e a t treat ment (Figure 4.6) a

TiAl dendrites remained the same. In the eutectic, the titanium content decreased
slightly and the nickel and ruthenium content increased after heat treatment (Tables 4.3
and 4.4).

would easily break at room temperature.

The alloy wasery brittle, even after heat treatment because the samples
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Figure 4.4: XRD pattern of as-castTAN+RuU.
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Figure 4.5: SEM-BSE imageof ascastTAN+Ru s h o w i-TmAgdermrites (dark)

in a TiAl+ TioNiAls( A(light) eutectic.
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EHT = 20.00 kv

WD = 8.5mm

Mag =

Signal A=NTS BSD
200KX

Date :@ Dec 2013
Time :11:32:32

Figure 4.6. SEM-BSE imageof annealedTAN+Ru s h o w i-TmAYdermrites
(dark) in a TiAl + Ti,NiAl 3 ( §(light) eutectic.

Table 4.3 EDX analysesfor as-castalloy TAN+RuU.

Area Composition (at.%)
, ; Phase
Ti Al Ni Ru
Overall 39.7+1.4|50.6+1.3/ 9.6+1.0/0.2+0.1 -
Dendrites 452+15|536+1.1 1.1+0.2{0.1+0.1 o-TiAl
Eutectic (light) | 36.2+1.8/48.4+0.715.1+1.210.3+0.1  TizNiAl3( 4J
Eutectic (overall) | 42.1 +1.1{50.3 +0.6 7.6 + 1.1[0.1 + 0.1 o-TiAI+Ti 2NiAl 3(
Table 4.4 EDX analysesfor heat treatedhlloy TAN+RuU.
Area Composition (at.%) Phase
Ti Al Ni Ru
Overall 38.9+1.4 |51.0+1.3/ 9.9+1.0/0.2+0.1 -
Dendrites 458+ 15 |53.5+1.1| 0.6£0.2|0.1+0.1 o-TiAl
Eutectic (light) 352+1.8 48.6£0.7/155+1.1/0.3+0.1 TioNiAl 3( )
Eutectic (overall) | 37.5+ 1.1 |49.7+ 0.6/ 12.5+ 1.1/0.3+ 0.1 - TiAl+Ti 2NiAl 3( gJJ
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4.3 Hardness

The Ti+52.5AF10.0Ni (at.%) and Fb52.5AF10.0N+0.2Rualloys werequite hard and

brittle (Table 4.5 and heatreatmens slightly decrease the hardness. However, he

decrease in hardness was within experimental effbe samples had extensive cracks

and would sometingecrack during hardness testingheVi c ker 6 s softhdent at i
alloys did not displayany Palmqvisttype cracks [L985Sh¢ characteristic of hard

materials such asemented carbides. Therefptiee crack resistance and toughness of

themodels sugegsted by Shetty et al. [1985She] could not be used.

For both alloys, oxidation at high temperatures decreasetiatuness (Figure 4.7).
Under isothermal conditions, a longer oxidation time (720 hours) slightly reduced the
hardness of both alloys than the shorter oxidation time of 120 hours, although the errors
showed that the results could overlap. A reductionaiiess was most severe under
cyclic oxidation between room temperature and°@50The hardness GfAN remained

fairly similar to that ofTAN+Ru under the different oxidation conditions.

Table 4.5.Vickers hardness (HVio) of TAN and TAN+Ru, in at.%.

Condition Hardness HVig

TAN TAN+Ru

As-cast 579+ 15 561+ 17

Annealedin argon

(120 h 1050C) 556+ 15 546 + 12

_OX|d|zed in air (120 h, 950C, 495416 481+12

isothermal)

_OX|d|zed in air (720 h, 950C, 475414 468+15

isothermal)

Oxidized in air (120h,between

room temperature and 950C 369+12 376+ 15

cyclic)

Under cyclic oxidation, the TAN+Ru had a slightly higher hardness than the TAN alloy.
Under all the other conditions, the TAN+Ru alloy had a slightly lower hardness

although the errors show thie hardnesses are very similar.
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m Oxidized in air,

120h,950°C,
isothermal

M Oxidized in air,

720h,950°C,
isothermal

® Oxidized in air,

120h,950°C, cyclic

Figure 4.7. Hardness of gamma titanium aluminide alloysTAN and TAN+Ru.

4.4 High temperature oxidation results

4.4.1Thermogravimetric analysis (TGA)

The TGA curve show the mass gain of the alloys with tiraed the DSQurves shows

the heat flow dat (Figures 4.8 and 4.9)Overall both theTAN and TAN+Ru alloys
were fairlynorreactive when exposed to air from room temperature up to 105IK€.
alloys had a slighmass gain, indicating that they readily oxidized in air, although both
alloys had a mass gain of less than ZPlae TAN alloyhad small endothermic peaks at
~580°C and ~700°C (Figures #.8vhich were close to the oxide nucleation peaks
[1993Mei, 1996Bra]. The TAN+Ru (at.%) alloy had a lower mass gain than T#eN

(at.%) alloy(Figure 4.10)n both the axag and heat treated comidins.
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Figure 4.8 DSC/TGA curvesfor the TAN alloy.
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Figure 4.9 DSC/TGA curvesfor the TAN+Ru alloy.
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Figure 4.10: Thermogravimetric analysis curves foilTAN and TAN+Ru.

For both the TAN and TAN+Ru alloy, the-aast alloys showed slightly different
behaviour from the heat treated alloys. The heat treated alloys had pronounced bumps
between 55%C - 750°C. This feature in the heat treated alloys was independent of

composition.

4 .4.21sothermal oxidation of TAN

Oxidation of TAN in air at 950°Qresulted in the formation afiO, andAl 03 sales on

the surface of the allofFigure 411), wherethe TiG, occurredon the eutectic and the

Al,O3 on the dendritesAfter oxidising for120 hourqFigures4.11 and 4.13 the alloy

formed athin, noncontinuous bluegrey scale with good adherence to the substrate.

After 720 hours(Figures 4.12 and 4.1} the scale exfoliated from the substrate on
cooling after removal from the furnaceThe remainingyrey scale appeared severely
degradedand containedirace amounts of nickewhi ¢ h de c rienacsreeda swidt
exposufdabieae 4. 6 Tard(sHui.bslt rdaearedr i tes i n a

TIAl + TioNiAls(d) showexdt ensi ve cracks and pores,
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ox i de A smglamaunt of oxygen washbservedn the eutectic and the dendrites
remaired oxygerfree.

The alloy had a mass gain of 0.19% after 120 hours and 12.39% after 720 hours of
isothermal oxidation in air at 950°C. XRD showed the different phases present in the
alloy after oxidation (Figures 4.15 and 4.18)TiAl, TioNiAl 3( ) TiO, and AbOs. A

longeroxidation time increased the intensity of the peaks of the oxide scale, indicating

more oxides.

Mag= 983X Signal A= SE2 Date 28 May 2014
WD = 9.0mm EHT = 5.00 KV Time -10:39:53

Figure 4.11: SEMSE image of TAN surface after 120 hoursoxidation in air at
950°C, showingTiO; and Al,0O3 scales.
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20 ym Mag= 500X Signal A = SE2 Date :26 Aug 2014
WD = 86mm EHT = 20.00 kV Time :10:18:42

R .. Ry W ,
Figure 4.12: SEM-SE image of TAN after 720 hoursoxidation in air at 950°C,
showingdegraded TiO, and Al Oz scales.

ALV ™ i TiNiAL, SRa

Mag= 844X Signal A=NTS BSD Date :29 May 2014
S WD = 8.5 mm EHT = 20,00 kV Time :12:15:54

Figure 4.13: SEM-BSE image ofa crosssection ofTAN after 120 hoursoxidation
in air at 950°C, showingTiO , and Al,0O3 scales.
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o-TIAl +

TioNiAl3( 4

Mag= 5.00KX

Signal A=NTS BESD

Date :5 Nov 2014

EHT =20.00 kv Time :9:32:15

Figure 4.14: SEM-BSE image ofa crosssection of TAN after 720 hoursoxidation
in air at 950°C, showing extensive cracks and pores in the alloy withTiO »/Al,03
scale.

Table 4.6. EDX analysesfor TAN after 120 hours oxidation in air at 950°C.

Composition (at.%)
Area Ti Al Ni o
Oxide (light outer 279+07| 14+01| 01+0.1|70.6+1.1
layer)
Oxide (dark inner layer] 4.7+0.1 | 27.9+05| 0.1+£0.1 | 67.3+1.1
Dendrites 452+1.3| 542+11| 0.6+0.1 -
Eutectic 346+1.2| 499+1.1| 13.7+1.2| 1.8+0.1

Table 4.7: EDX analysesfor TAN after 720 hoursoxidation in air at 950°C.

Elemental composition (at.%)
Area Ti Al Ni 0
Oxide (light outer 212+01| 1.6+0.1 i 772+12
layer)
Oxide (dark inner layer] 6.5+0.1 | 24.4+£0.1| 0.7+0.1| 68.3+£1.0
Dendrites 43.4+0.1 | 551+14 15+0.1 -
Eutectic 439+1.2| 429+11 | 10.6+0.1| 2.7+0.3
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Figure 4.15 XRD pattern of TAN after oxidation in air for 120 hours at 950°C.
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Figure 4.16 XRD pattern of TAN after oxidation in air for 720 hours at 950°C.
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4.4 3lsothermal oxidation of TAN+Ru

Oxidation of TAN+Ru in air for 120 hourst 950°Calsoresultedin the formation of
TiO, and Al,0O3 scale on the suate of the alloy (Figure 4.1.7 The TiQ was on the
eutectic and the AD; was on the dendrites. The scale formed was whiih a good
adherence to the substrgfégures 4.17 and 4.)&nd itappeared more continuous in
the TAN+Ru alloy.

A longer oxidation time of 720 houresulted in a severely degradedale of TiQ and

Al,O3 (Figure 4.18. The scale had more of the less protective, pltase. On cooling,

the scale exfoliated from the substrate materlain s ome areas of the
penetrdtye¢ed nd dep s b e thwd tceo nasiemeal (tFiiega )y e 4. 2C
The substrate -TsitAill Id ecnadmrs it setsBEAdi+riGNaAlpet ect i ¢
The scale had trace amountsrotheniumand nickel. Te alloy had a mass gain of

0.14% after 120 hours and 11.45% after 720 hours of isotheniddtion in air at
950°C(Table 4.8) The ruthenium content was not accurate, because it was below 0.1

at.% (and this was also true in Table 4.9).

After 120 hours oxidation in air, tiBAN+Ru alloy had no oxygen in the dendrites and
eutectic (Table 4.8). After 720 hours oxidation, internal oxidation commenced in the
alloy as trace amounts of oxygen were in the dendrites and eutectic (Table 4.9). XRD

showed the different phases present iraltey after oxidation (Figures 4.21 and 4.22).
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Mag= 237 KX Signal A= SE2 Date :28 May 2014
——1{ wp=88mm EHT = 5.00 kV Time :10:32:48

o % , B e s
Figure 4.17 SEM-SE image of TAN+Ru surface after 120hours oxidation in air at
950°C, showingTiO; scaleon the eutectic and AbO3 scaleon the dendrites.

sl ™

Table 4.8 EDX analysedfor alloy TAN+Ru after 120 hours oxidation in
air at 950°C.

Composition (at.%
Area P - ( )

Ti Al Ni Ru (@]

Oxide (light outer | 1954 08| 15401 | 01401 | 001+0.1| 78.6+0.2

layer)

Oxide (dark inner layer] 6.0+£0.1 | 24.8+0.1] 05+£0.1 | 0.01+0.1| 68.7+0.2
Dendrites 441+1.4|547+08| 1.1+£1.0| 0.05+0.1 -
Eutectic 33.7+1.4| 509+1.1| 151+1.2| 0.30+£0.1 -
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Mag= 223KX Signal A= SE2 Date 26 Aug 2014
WD = 8.7mm EHT = 10.00 kV Time :10:38:58

Ay i A d . s

Figure 4.18 SEM-SE image of TAN+Ru surface after 720 hoursoxidation
in air at 950°C, showingseverely degraded TiQ and Al ;O3 scales.

Mag= S500KX Signal A=NTS BSD Date :5 Nov 2014
H WD = 86mm EHT = 20.00 kv Time :10:45:42

Figure 4.19 SEM-BSE imageof a crosssectionof TAN+Ru after 120 hours
oxidation in air at 950°C, showing a substrate with extensive cracks and an oxide
scale with an outerTi-rich layer and an inner Al-rich layer.

s
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Mag= 249KX
WD= 85mm

Signal A =NTS BSD
EHT =20.00 kv

Date :5 Nov 2014
Time :16:32:48

™

-

Figure 4.20 SEM-BSE image of a crosssection of TAN+Ru after 720 hours

oxidation in air at 950°C, showing the oxide scale consuming dendrite in the

substrate.

Table 4.9 EDX analysedor alloy TAN+Ru after 720 hoursoxidation in

air at 950°C.
Elemental composition (at.%)
Area Ti Al Ni RU o
8;213 (ightouter | 5044112 | 62+01| 01401 | 00101 | 733+ 1.1
8;213 (darkinner | c5 .01 |261+1.3| 01+01 | 0.02+01 | 685+ 1.2
Dendrites A44+14 | 525+1.4| 05+01| 01+01 | 21+01
Eutectic 344+14 | 482+11| 156+1.2| 03+01 | 15+02
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Oxidized Ti-52.5A1-10.0Ni-0.2Ru (at.%0)

9000
[ ]
A X -7-TiAl
*-13
7000 ¢ - Al0;
A -TiO,
z A
£ 5000
E »
A
*
*
3000
[ ] L ]
X
X X
A A A
1000
10 20 30 10 50 60 70 80 90

2 Theta

Figure 4.21 XRD pattern of TAN+Ru after oxidation in air for 120 hours at
95(C°C.

Oxidized Ti-52.5A1-10.0Ni-0.2Ru (at.%0)
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Figure 4.22 XRD pattern of TAN+Ru after oxidation in air for 720 hours at
950°C.
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4.4 .4Cyclic oxidation of TAN and TAN+Ru

The TAN alloy was very brittle and had severe cra¢kgjure 4.24. The substrate
consi sfTedl odendr it esTAl f TiNiAl £ Wt There was noo f )
oxide scale on the alloy as it had exfoliated from the suifflaiceire 4.2%. The alloy

had no internal oxidation after cyclic oxidation in air (Tabl&0).

The TAN+Ru all oy was adlisldendritesi int lae eait & cd 0 T
TiAl + TioNiAl 3 ( Y(Figure 4.26). The alloy formed a more adherent intermixed scale

of TiO,./Al, Oz with an intermitent, nickelrich (45.1+ 0.2 at.%) subsurface zone

between the substrate and oxide layer (Figures 4.27). Theugabe zone had a
composition similar to thél phase in the isothermal MNi-Ti phase diagram (Figure

5.1 [2007Sch]). The scale had trace amounts of nickel and ruthenium and had an outer
TiO, layer and an inner AD; oxide layer, as shown in Table 4.The TAN+Ru alloy

had more oxides than the TAN alloy (Figures 4.21 and 4.22).

Signal A =NTS BSD Date :20 Mar 2015
WD= 82mm EHT =20.00 kV Time :10:55:38

a) SEM-BSE image of TAN (200x) after cyclic oxidation in air
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}1_91{-'"1 Mag= 1.00KX Signal A=NTS BSD Date :20 Mar 2015
WD = 8.2mm EHT =20.00 kv Time :11:39:04

b) SEM-BSE image of TAN (1000x) after cyclic oxidation in air

Figure 4.24 SEM-BSE images a) 200x and b) 1000xf TAN after cyclic oxidation
inair,s howi-TnigAlo dendr it esTAlnTiNAleuwW ectic of

3_01"“ Mag= 500X Signal A=NTS BSD Date :20 Mar 2015 ﬁ

WD = 8.2mm EHT =20.00 kV Time :10:31:22

Figure 4.25 SEM-BSE image of the crosssection of TAN after cyclic oxidation in
air, showingthe substrate with cracks and without an oxide layer.
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Table 4.10 EDX analysesfor alloy TAN after 120 hourscyclic oxidationin air
betweenroom temperature and 950°C.

Area Composition (at.%)
. : Phases
Ti Al Ni O
Dendrites 47.0£0.1/52.1+0.1| 1.0£0.1| - |o-TiAl
Eutectic (light) |37.1+0.1|45.7+0.1/17.2+0.2| - |TizNiAl3z( )
Eutectic (overall)| 39.2+ 0.2|47.4+ 0.1{13.5+ 0.2| - |o-TiAl + TioNiAlz(

Table 4.11: EDX analyses for alloyfAN+Ru after 120 hours cyclic oxidation in
air betweenroom temperature and 950°C.

Composition (at.%)

Area ; :
Ti Al Ni Ru @)
Oxide (light outer layer) 15.4+ 0.1| 8.3£0.1| 0.3+0.1/0.02+0.1| 75.9£ 0.1
Oxide (dark inner layer) 5.8+0.1/21.8+£0.1| 0.2+0.1{0.10£0.1{71.1+£0.1
Subsurface zone 22.2+0.2132.0£0.1|/45.1+£0.2/0.20+ 0.1 -
Dendrites 41.4+0.1{57.7£0.1) 1.0+0.1/0.10£0.1 -
Eutectic 36.9+0.1/53.6+0.2| 9.8£0.1/0.20+0.1 -

Mag= 3.00KX
WD = 85 mm

Signal A=NTS BSD
EHT = 20.00 kV

Date :20 Mar 2015
Time :12:27:00

Figure 4.26 SEM-BSE image of TAN+Ru after 120 hours cyclic oxidation in air,

showiThigAlo dendr it esTAlnTiNiAle(u ect i c

of
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- ¥ TiOoIAl 0 scale
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20 pm Mag= 2.00 KX Signal A = NTS BSD Date :20 Mar 2015
| —
WD = 85mm EHT = 20.00 kV Time :12:01:11

Figure 4.27 SEM-BSEimage ofa crosssection of TAN+Ru after 120 hourscyclic
oxidation in air, showing an intermixed TiO,/Al ;O3 scale with a nickelrich sub-
surface zone betwee the substrate and oxidedyer and an outer TiO; scale.

The alloys showed a highamount ofmass gain under cyclic oxidation conditions than
in isothermal oxidation conditions. The mass gain was lower in air than in a hot salt
environment for both alloy§Figure 428). The TAN+Ru alloy performed better than

the TAN alloy in both environments.

In the hot salt environment, thEANal | oy f opaedOsaslchil@ whi ch
appeared severel 9PdegrTahcke ds u(rAiager ec0dh.si st
significgmyand nessi Akel . The all oy had i1

and a eutectic containing oxygen (Tabl e 4.
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Figure 4.28: Massgain data of TAN and TAN+Ru obtained during cyclic
oxidation in air and salt (Na&SQ,).

100 120

Table 4.12: EDX analyses for alloyfAN after 120 hours
cyclic oxidation in Na,SO;.

Area Composition (at.%)

Ti Al Ni @)
Oxide layer | 30.2+0.2| 0.79+0.1 - 67.2+ 0.2
Dendrites 38.2+0.1| 53.1+0.1| 05+0.1| 8.2%0.1
Eutectic 33.8+x0.1| 45.7+0.1| 11.2+0.2| 9.3%0.1




a) SEM-SE imageof TAN (2000x)

b) SEM-SE image of TAN(10000x)

Figure 429: SEM-SEimagesa) 2000x and b) 10000»f the surface ofTAN after
hot salt corrosion in Na,SO, at 95C°C, showinglong, prismatic crystals on the
surface.

In hot salt, theT AN+ RU | oy afTas@redhOs;scal e whi enbrappea
adherent td Ft ly&0). sNwl srturtahteencikuenh awedr enidet ect
scalhhad at heygyomadi nt er(nTad b loex i 4d.alt 3)o n
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