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Abstract

In recent years, TiAl intermetallic alloybeen widely used in aircraft and
automotive industry. With the aim of improving the mechdridedavior and the
oxidation resistance at high temperature of the TiAl alloys firstly designed, new
intermetallic alloys of second and third generatiorae been successively
developed

In this work, the oxidation resistance in air of four intermetallaya of second
generatior(Ti-48AI-2Cr-2Nb) and third generationT(i-48Al-2Nb-0.7Cr0.3Si, Tt
43.5AF4Nb-1Mo and T#47AI-2Cr-8Nb) was investigated by TGA equipment
under isothermal conditions in the range of G000 °C. These alloys were cut
from the coe of bars, previously processed by Electron Beam Melting and
successively hedteated. The composition of the oxide layers was investigated by
XRD, SEM-EDS and XPS. Each alloy showed different oxidation behavior at high
temperatures. Layer exfoliation spallation was observed for many samples, but
at very different temperatures for the different alloys. When spallation did not
happen in a significant extent the oxide layers grew according to a parabolic law.
The kinetic rate constants and the activagaergies were calculated. These kinetic
parameters allowed to assess a rank of oxidation resistance, which can be correlated
with the composition of the alloys.

In order to improve the oxidation resistance of4BAI-2Cr-2Nb, ceramic
nitride coatings we deposited by a High Power Impulse Magnetrontt8pog
(HIPIMS) method. Offerently engineered TiAINand TaAlNprotective films were
processed and ¢ir performances comparedarSples were submitted to thermal
cycling under oxidizing atmosphere up td8% (40cycles) and 950°C (100 and
200 cycles), at high heating and cooling rates. For this purpose, a burner rig able to
simulate the operating conditions of the different stages of turbine engines was
used.



The microstructure and composition of samplefre and after oxidation were
investigated by several techniques: microscopy (optical and-SBS), Xray
photoelectron spectrometry (XPS) anday diffraction (XRD).

All the TIAIN coatings differently processedprovided a remarkable
improvement of oxidtion resistance. Good adhesion properties were observed even
after repeated thermal shocks. HiIPIMS pretreatments of the substrate surfaces,
performed before the coating deposition, significantly affected the oxidation rate,
the oxide layer composition arige coating/substrate adhesion.

The oxide layers formed on the sample surface showed different thickness,
depending on the presence of the protective coating and the processing path adopted
for its deposition. The nitride coatings appreciably enhancedot@ation
resistance and sustained repeated thermal shocks without showing damage or
spallation. Differently TaAIN coating did not improve the oxidation resistance of
TiAl substrate.
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Chapter 1

Introduction

From the last century to today, a fair amount of advancements has been achieved in
aeronautical industry. The development of ptejaun systems or structural part of

gas turbine aero engines was increased significantlyFijuee 1 shows different
thermodynamic parameters at different locations in gas turbine engine
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Figurel: Design process of gas turbine engine: estimated temperature, velocity and
pressurdl].

In the last few decades, the titanium aluminides (TiAlehasen considered as
promising materials because of their excellent behaviour at high temperatures. The
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intermetallic alloys have played a key role in automotive and aircraft sectors
because of their low densities (about-3.8 mg/cm [2],[3], half of that of Nibased
superalloys), very good mechanical properties such as high strength up to 800 °C
[3], excellent stiffness, very well creep and fatigue resistance, rather good oxidation
resistance and goambrrosion behaviour.

The TiAl intermetallic alloys can replace the nickelsed superalloys in
different parts of gas turbines, and this would result in a reduction of weight (20
30%)[4], fuel consumption (20%), noise (50%) and of NOx emissions (§8Px)
The Figure 2 shows different intermetallic alloys that were developed for noise
attenuation and exhausduction[4].

CARAVELLE AIRBUS CONCORDE ALLIANCE HYPERSONIC STRUCTURES
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Figure2: Expected performance of structuribgs developed for aircraft: temperature
and speeg4].

The important limitation of thesalloys is the low ductility and fracture
toughness at room temperature, but in recent years, this problem was faced through
significant improvements in manufacture processes, thermal treatments and
microalloying. The oxidation resistance of TiAl alloysoab 850°C still represents
a strong restriction for their more extensive application in automotive and aerospace
fields. Therefore these alloys are currently used for the blades of the low pressure
turbine engines where the operating temperature is betw88800°C. The
lifetime of turbine engine components depends on the different operating conditions
and it is expected to be some thousands of hdumgwnay turbine components are
periodicallydisassembled and submitted to repair in order to increasdfitene.
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These intermetallics sustain operating temperature up to 950°C in turbocharge
gasoline engines and around 800°C in valves of engines.

A further improvement of mechanical properties and oxidation resistance at
temperatures ranging betwee®08C and 1000°C would allow to use TiAl
intermetallics as a convenient alternative of other materials (likdabid
superalloys) in turbine engines.

In order to increase the maximum operating temperature of turbine engines, the
deposition of protective @ings on hot structural parts can be adofi¢g6],[7].
However, to date, the lortgrm stability of the coatings and then their effectiveness
in service has not yet been proved. Suitable ceramic coatings designed for this
specific application should be developed for titanium aluminidéeption.

The aim of this work is to study the oxidation behaviour of severaliasked
intermetallic alloys, and to develop consequently protective coatings able to
improve the oxidation resistance of intermetallic components of aircraft engines. In
order to test the performance of the protective coatings under investigation, a burner
rig, designed to simulate the operating conditimingas turbines, was also used.
particular TIAIN and TaAIN coatings have been studied because they effectiveness
for oxidation protection of TiAl intermetallics was never studied before. On the
other hand such a kind of protective layer seems very promising because chemical
and physical compatibility with th&iAl substate: for instance the thermal
expansion coefficiet of TIAIN (7.5 10° K) is rather similar tahat of Ti48Al-
2Cr-2Nb alloys (10 1§ K'Y). Even though TiAIN coating deposited on some TiAl
substrate and TaAIN coating deposited on conventional Ti alloys was formerly
investigated the HiPIMs techniqueas/ never adopted for the coating deposition.
Actually this technique is expected tshow advantages over conventional
magnetron sputtering since it garovidesmoother, harder and denser surface films
than the conventional magnetron sputterindgrinally, as far as | know, the
combination of the HIPIMS coatings and intermetallic substrate was never tested
by the burner rig apparatus.

1.1 TiAl intermetallic alloys

In the literature, several authors reported investigations about TiAl intermetallic
alloys anaheir state of the af8],[4],[8]. The alloys initially developed were used

in aubmotivesector for turbocharger exhaust gas turbines and viy§3],[10]

(Figure 3 andFigure 4). As it is well known, the maximum operatitgmperature

for turbocharger turbine is about 850°C, but in new gasoline engines, engineered to
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improve fuel efficiency, the exhaust gas temperature should increase up to 1050°C.
For this reason, a new-BilAlI-8Nb-1Cr-0.5S+0.03C wt.% alloy (DATTA2 by

Daido) has been developed for this applicafibf]. Recently TiAl alloys have
found applications in aircraft engines too. At the present times@&img Ti48Al-
2Nb-2Cr at.% (482-2) for the low pressure turbine (LPT) blades of GEnx engine
[3],[12] and, currently, there are about 1®@0 blades flying on Boeing 787 and
Boeing 7478. Pratt and Whitney is also using the4B.5Al4Nb-1Mo-0.1B at.%

alloy (TNM) [3] in the LPT stage of GTF engifi£3], [14].

The materials requirements for the applications mentioned above consist of a
suitable combination of high temperature strength, fatigue and creep resistance,
ductility and oxidation resistance. In spdf the efforts spent to improve theAli
intermetallic alloys to date their main lacks deal with the low ductility at room
temperature and the oxidation resistance that limies rtliaximum operating
temperature.

\ B

/.I//l/’/”’/ —_— ol

::_‘ﬁTM \“““)’ﬁy § :

Figure3: BR 715 aero engine. High Pressure Compressor (HPC) and Low Pressure
Turbine (LPT)[6].
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Figure4: Titanium aluminide turbocharger wheels in seryitje

1.1.1 Chemical composition of TiAl alloys and phases present in
their microstructure

Chemical compason and microstructure of TiAbased intermetallic alloys were
designed with the aim of improving both mechanical and oxidation resistance for
engineering applications. Among the first generation TiAl alloys, th8AIl-1V-
(0.1C) was widely investigatedHowever, this alloy showed poor mechanical
characteristics, not completely suitable for hot structural parts of tufdies

Today, TiAl intermetallic alloys of second and third generation are currently
used for amnautic applications. The composition of the Fhlsed alloys of
second generation can be described as follow (at.%4t548)Al-(1-3)X-(2-5)Y-
(<1)Z; where: X=Cr, Mn, V; Y=Nb, Ta, W, Mo; Z=B, C, Hi].

The third-generation can be classified as:(45-48)Al-(0-10)X-(0-3)Y-(0-1)
Z-(0-0.5)RE; where: X= Cr, Mn, Nb, Ta; Y=W, Mo, Hf, Zr; Z= B, C, Si; RE=rare
earthq3].

According to the FHAIl-phase diagram iRigure 5, the TiAlbased alloys (45
48 % at. of Al) at room temperature consist of two principal phases: the
predomi nalitAlp h(acsred eor ed f ace o@igAtphaseed t et r a
(ordered hexagonal close padke

L1o and DQg crystal structures are shownhkigure 6. The tetragonality ratio
of TiAl is 1.02 for stoichiometric compound. This tetragonality ratio decreases to
1.01 when aluminium concentration decreased,the ratio increases to 1.03 with
increasing aluminium concentratidd].
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In addition,s ma | | a mo u nt sTiAlpphasedbodyqergeres euthic, b
disordered at room temperature) can be present in some alloysM&Idi[16].
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Figure5: Ti-Al phase diagrarfd].
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During casting adlidl alleys hovdtheftransfarmatiansr, t h e
described in the followingHigure 7).

Temperature (°C)

vvvvlvavl'V""VYYlvvi7'7'77'7'7"

1100 - — Te
i & :
1000 +——m—
30 40 50 60
Al content (%)

Figure7: Section of the binary TAl-phase diagram (continuous lineg)t U-
transus temperature; Teu: eutectoid temperalwe.vertical dotted lines markered the
range of the technicalTiAl based alloys (4818 % at. of Al). The broken lines show the

effed of Nb (8 at.%) on the position of the phase field reg[ai$

The solidification of TiAl binary alloys with an Al concentration below 45%

at. takes place vibf or mat i on fr om t he-transfoomatioml and su
(LYL+bYbYé). A higher Al <concentration | e
reaction (LYL+BbY U +bYé).-46AN% atlathe of bin
sol i difi caTiAl phase befjins @ath18235Cb ( LYL +b) . Subseque

cooling |l eads to a peritectic solidificat:i

€Y
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1479AC and 1332 AC t he-TeAll opyh acsedigdll eTihed yU c «
phase shows a | at t-Tislephasei bni il lmdisortleoed t h a't o f
structure. Th&omfUauringacodlingentails & disordeorder

t ransf or matansus nemperatare is placed at 1332 °C (belowh&
transformation UY2 occur<4) 36l pasemper at ur
progressive} f or ms and the ratio between the am
the temperature decrease (e.g. about 75 %
temperature (1135AC)x+bhbdappansfomamat iaom hd-
lamellar structure forms due toeth t r ansf or matgtioon Adfft el it mteo
eutectoidic transformation, the alloy micrt
and domad nslaimeh!|l @dr structure. At 1134 AC
from the transf or ntaotnitoan nosf al t(edrph¥matti.n go fl aAmh
(containing about 47.2%at. of aluminium and constituting about 17 % of the

d o ma i n ) phase @ontdining about 38.5%at. of aluminium and constituting

about 83 % of the domain). After the eutectoidic transfaonaand during the

cooling from 1134 AC, the total amount of
toz UFor i nstance at 1000 AcC, the 0 pha:
microstructure.

1.1.2 Processing and heat treatments of TiAl intermetallic alloys

The TiAl engineering components can be produced by numerous manufacturing
techniques: casting or centrifugal casting (horizontal or vertical form) and
investment casting (lostax casting), metal injection moulding (MIM), hot
extrusion, isothermal forgingr@onventional forging with subsequent annealing
treatment, powder metallurgy (PM) including hot isostatic pressing, additive
manufacturing etd3],[4],[8],[9],[11],[17],[18],[19],[20].

InFigure8, s ome of i ndu sliAlrbasa dlloypransgfacneaios e s f or
are summarizefl7].

The casting method is a very w&hown route for production of turbine blades.
This methods followed by different complex thermmechanical processing which
causes recrystallization. In order to improve chemical homogeneity by diffusion
and to reduce casting porosity, the alloys can undergo a hot isostatic pressing
(HIPing, deformation rate 30°3s?). For instance, the parameters of HIPing for
TNM alloy are given bellow: working temperature 1200°C for 4 h, pressing force
200 MPa and cooling in furnag&7].
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Figure8: Processing of TiAl based alloys on an industrial sfdaig

The hot isothermaladrging and conventional forging at high temperatures
(1200°G 1350°C) are conducted at a rather high deformation rate. During the
deformation at high temperature and pressure, the starting microstructure modifies
owing to dynamic recrystallization. Usuathe present grains align perpendicularly
to the forging direction and the alloy morphology exhibits elongated grains. The
cooling rate is very important in this case, since phase transformations and ulterior
crystallization can take pla¢&7].

The hot isostatic pressing of powders (powder metallurgy) is commonly used
for production TiAl billets. The mix of powder is degassed at 500°C and cordpacte
at around 1200°C to 1400 °C fo62h. The desired microstructure can be obtained
during the pressing by selecting the temperature or by using post processing steps

[4].

The powder metallurgical method is very promising for lesgale production.
The PM has been successfully adopted for producingmetashape objects with
minimal post proessing. All the power metallurgy techniques require a
personalised research for each alloy and further heat treatment and mechanical
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machining to produce the final TiAl engineering parts. Three principal processes of
PM have been studied: Spark Plasmae3ing (SPS), Selective Laser Melting
(SLM) or Direct Metal Laser Melting (DMLM) and Electron Beam Melting (EBM).

The SPS process is a method based on internal Joule heating which promotes the
densification of powder compacts. The SPS process is usuatlyfaisenaking

duplex microstructures. The DMLM (using laser beam) and EBM (using electron
beam) are metal powder techniques where the alloy powder (TiAl) is deposited and
melted layer by layer, according to a process based on a CAD file. EBM has been
develgped by Arcam AB in Sweden and it is commercially available since 2002

3.

The turbine TiAl blades of aircraft engines have been formerly processed by
casting techniques. In more recent years other productiotegsohave been
investigated and the attention have been focusing on EBM priogessicular. In
fact thislast production process shewome advantages with respect to casting:
reduction or elimination of scraps, more homogeneous chemical composition an
microstructure in every component part, no contamination from atmosphere and
crucible.

In this work the TiAl intermetallic alloys were processed by EBM and their
final microstructure and mechanical properties were obtained by heat treatment.

In Figure 9, the schematic drawing of Arcam A2 machine and its technical data
are reported. The EBM process i s avai

abl

€
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Figure9: Schematic EBM process and teaatidata for Arcam A2 machifj21].

The principle of EBM is very similar to a scanning carried out in an electron
microscope. A heated tungsten filament emiectebns (on top of the machine).
The electrons are collimated and accelerated until they achieve a kinetic energy of
about 60 keV. The magnetic coils control the electron beam. Magnetic lens focus
the beam to the desired diameter, and other lens defee¢btbised beam to the
desired point on the building table. The electron beam gun is placed in fixed
position and the electron beam is reflected by lens. The diameter of electron beam
is about 0.1mm and the beam current is in the ran§erA. The equipmendf
last generation are mulbieams and can melt contemporary the powders placed in
different points of the building table. The metal powder layers are deposited on the
building table and the powder bed is made flat by a raking mechanism. Usually the
thickness of layer is in the range 0i0B.2mm. In order to obtain good layer
packing, efficient flow, and successively melt uniformity, suitable particle size
distribution and neaspherical powders are used. The electron beam is controlled
by a computer andhteracts with the powder which melts and then solidifies into
dense and solid metal. After the processing of a layer, the building is lowered, a
new layer of powder is deposited and treated by the laser beam. The components
are built layetby-layer. The pwder is preheat by the beam (about up to 80 % of
melting temperature) by scanning at high rate (* rfh/s) and medium beam
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current (~ 30 mA50 mA). After the beam melts the powder (scanning rate’~ 10
mm/s and beam currenti521 mA). The EBM process ionducted under high
vacuum (1& Pa10* Pa in different parts of Arcan machine). During the melting
process, inert helium gas (1@Pa) is sent to the vacuum chamber. Helium gas
avoids accumulation of electrical charge in the powder and favours the sebseq
cooling. When the building process is completed the chamber is filled by helium to
cool quickly the powder bed. The component is taken out of the powder and rest of
powder is recovered, sieved and recy¢ga],[21].

In every casef¢r all the PM methods), a final heat treatment can be adopted to
mo d i f yTiAkalog microstructure. Different characteristic microstructures of
TiAl-based alloys can be obtained by heat treatment. The first step of the heat
treatment consistsinarmé i ng performed within 4+he U or
based alloys after the heat treatment can show four different microstructures
depending on the annealing temperature: duplex, near gamma, near lamellar and
fully lamellar[17],[22] (Figure 10).

Balanced properties

vaq
—
2 oo

Nearly Lamellar y (NLy)

RT- ductility 1, cr
{ : aon

—
00um

Near Gamma (NG)

Figurel0: Microstructures of TiAlbased alloys after heat treatm§tif].

The heat treatment starting from a temperature just a little bit above the
eutet oi d temperature, that is in the U+9o fi
microstructure. The same microstructure can be obtained starting from a
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temperature bel ow t he e uttoecffdhdalrhedinele mper at u
microstructure manly consists@efuiaxedd gr ai ns wi t h ;ghasemal | cor
placed at grain boundariesdatriple points[4],[17]. The duplex microstructure

forms after annealing well above the eutectoid temperature, thathis aentre of

Bto zone, and subseque n itThecdoptex mianogtrudtuce r oo m t ¢
i's composed of alztpehrars @tsi) n ga njphaswadashsauel a(r o /oU
placed at t he gs#calones. In additod, dhere ars also some / U

sma l | g r. phiase situatedl at the boundaries of lamellar zpfjedlear and

fully | amel | ar;pmses)respsctiyefarm dfter anaesaling abdutU
10°Cbelowand 12 0 A C a Bransus temnperaturé) and subsequent cooling.

The near | amell ar mehlcamasltliraict domaicrosnpamndg e
grains, whil e t he f>domainsonlyahmelurhedractooonsi st s
of lamellar colonies increases with the growing of the annealing temperature in the

U +field (because during a continuous cooling from the annealing temperature the

system does not change exactly according to the phase diagram)hetémellar

spacing in the domains depends on the cooling fa#§. The lamellar

mi crostructure i s co0mpea a dwithothie folowihger nat i ng
crystallographic reaadi ohs0}[dE/ (11220pW0U/ (0C

The mi cr os-AliAlwloy doesenot defpend only on the annealing
temperatuteaftabsveebperature or in U+92 tw
cooling rate too. In the same manner also the microstructure obtained after
annealing at a temperatuseb o v e -trangug depends on the cooling rate. The
CCT curves (continues cooling transformations) were investigated for several TiAl
alloys. For example, in theigure 11, the CCT diagram cd HNbo-TiAl alloy is
reported. In this figure the different curves refer to more or less quick cooling rates,
these curves cut the curves of formation start for lamellangld, n d striittures.

The intersections between the cooling curves and the curves of formatien start
show at which temperature the different structures appear during cfiofing
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T, Ti-46AI-9Nb
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o/ Oz + Ym Ym ym+L L
—— > —> —>

- * >

Figurell: CCT diagram of a T46AI-9ND alloy and different microstructures
formed at specific cooling rates (F@rnace cooling, AGir cooling, OCoil cooling,
WC-water cooling)17].

The full | ame !l doa)r froircmso satr utchheursel ogw f ur n
the spmase Uield (FC curve). JoThel ameeage
decreases when the -awoling is adopted (AC curve). In this case, the
microstructurean consi sts of Imd@iM atainsalacalizecbdt oni es a
colony boundari es. Dur i n gphaeei dompletelyo | i ng, 1
transf or ms phase (faceertened cubic) (OC curve). The massive
transf or ma tnipbase isostippseed bywater quenching (WC curve).

According toFigurell, t he s u p:phase alsotorma after dvatewoling.
Adisorderor der transformation of U phase happe
and f ormadulbsequent Egeing treatment at the temperature below the

eutectic temperatur e r e sophasesintoiatamglar t i al t
structure[17]. I n fact, the 2plhameniobmacoede bty qglue
i's well over the equilibrium percentage of

is partially converted into the aluminium
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In the following, the more commanicrostructures resulting from processing
and heat treatments for typical TiAl alloys (including those under investigation in
this work) will be presented.

The Figure 12 shows the microstructure of the HNb TiAlag} Ti-45Al-(8-
9)Nb-(W,B,Y) (at.%) processed by different techniq{23].

Figure12 Microstructure of TH45AI-(8-9)Nb-(W,B,Y) (at.%): a) SM ingt before
HIP, b) SM ingot after HIP, ¢) PAM ing¢23].

The SM ingots (diameter 120 mm x high 420 mm) were prepared by vacuum
arc remelting (VAR) plus scull melting (SM)denologies. Doublenelted PAM
ingots (diameter 160 mm x high 470 mm) were prepared by cold hearth plasma arc
melting (PAM). In order to eliminate casting defects, a hot isostatic press (HIP)
under argon pressure of 140 MPa at 1250°C was used for SM idgotsar
lamellar structure (colony size {tn) was obtained by SM showing some porosity,
but after HIP treatment, the porosity greatly decreased. PAM ingot exhibits fully
lamellar structure with colony size about 200 - 1200um. The cooling process
leadsto a difference in the microstructure between SM and PAM ingots. In the case
of PAM ingots, the materialspemtor e t i me i n the tadperature
U phase exist. During this period of tior
transformed during quick cooling into large size FL colorn#o })23].

In Figure 13, thedottedlines show the modified phase diagram, which depicts
the microstructures practically observed when thd5Al contains 80% at. Nb.
It is clear that solidification foalloys with 444 5 %at Al occurs via b
( L YL + b Y+€(0¥Ibthe addition of niobium is high enough, phase is pr ese
also at room temperaturé&igure 13, 10% Nb).During cooling niobium can
segregate at éhgrain boundaries, where the enhanced concentration of Nb causes
theb-formation at room temperatuf23]. Other alloying elements like W and Mo
act as b s sambmdnnerzoeENbs i n t he



16 Introduction

| ] ..‘! ‘I] L
1700 N I P T A T A O Y B
:BNIJI ! 1

1800 oo

—

n

=]

=]
1

1400 5

1300 5

Temperature (“C)
T
Temperature [“C)

-

o]

[=]

=]
1

1100
b ® Iranius
o pagle phate [

1000 It
30 40 50 (14
Al content [X) Al content (%)

Figurel3: Ti-Al quasi phase diagrams with Nb (8% at.) and Nb (10%428])

In Figure 14 three microstructures ofi-45Al-10Nb alloy obtained with
different thermal treatments are showed. ThdFJAI-10Nb alloy was produced by
nonconsumable argon arc melting. In order to obtain the homogenised composition
of HNb alloy the ingots wereemelted four times. Successively the ingots were
maintained at 1200°C for 168 h to homogenise the microstructure and then forged
at 1250°q24].

Figurel4: SEM photographs of 45AI-10Nb microstructure: a) Fully Lamellar, b)
Nearly Lamellar, ¢) degraded Fully Lamellar (DHR}].

The Fully Lamellar microstructure was obtained by using the following heat
treatment: annealing at 1318°C, cooling dawn to 900°C in 15 minutes, isotherm at
900° for 30 minutes, air cooling. This FL microstructure has colony size of lamellar
structure about 15@m and a lamellar spacing about Oj28. In the case of Near
Lamellar mcrostructure the heat treatment was: annealing at 1300°C, cooling dawn
to 900°C in 60 minutes, isotherm at 900° for 30 minutes, air cooling. The NL
microstructure contains small equiaxed gr ai ns at t hecolany ai n

boun
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size of lamellar structe was about 9Am and the lamellar spacing was about 0.25
um. After 30 h at 1050° C, the FL microstructure obtained by heat treatment
described above, was degraded due to the changing of théguaitary structure

and the coarsening of the lamellahsf24].

The Figure 15 shows the evolutiorof Ti-45Al-2Cr-8Nb microstructure in
correspondence the heat treatment temperat(@é].
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Figure15: The microstuctureof Ti-45AI-2Cr-8Nb alloy obtained by heat treatment
at different temper at ur.é€&heyellowdotted ne mdicatesni t y of
the border (2mm[21].

At 1285 °C,the HNb alloy showdine equiaxed a&BM microstructureThe
first lamellar grains isbserved after heat treatment at 1290 °C. Afgattreament
at 1295 °C, undées0 % lamellar grains wergbserved At 1300 °C, over 50 % of
lame | | ar grains were more homogeneously dis
2 g r Atil30S °C he lamellar grains ratio and average lamellar geire
increased. Me microstructure was homogeneous and lamellar grains were
uniformly distributed. After atment at 1310 °C for Rours,the micostructure
was nearly lamellar, whichonsisting in 90 % of coarse lamellar grains pinned
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mostly at grain boundaries by fine equiaxed graifitie fully lamellar
microstructure, whickomposed by coarse (3800 0 amé | I ar owadd col oni e
observed wer 1315 °(21].

In Figure 16 the different microstructure of TNM alloy obtaineg beveral
production processes are showed).

Figurel6. SEM image (BSE mode) of TNM microstructure: (a) centrifuget Tt
43.5AF4Nb-1M0-0.1B, (b) cast and HIPed-AiB.5AF4Nb-1M0-0.1B, (c) cast and HIPed
Ti-43.5A-4Nb-1Mo alloy without boron, (d) HIPed #3.9AI-4Nb-0.95M0-0.1B gas
atomized powder, (e) #3.5AFNb-1M0-0.1B +0.5 at.% C showing microstructure
different from a) because peritectic solidificeatj (f) T-43.5AF4Nb-1M0-0.1B +0.5 at.%
C, b solidification due adding high content o
Gl ight grey, b exhilBlits the brightest
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The morphology of as casi-43.5AF4Nb-1Mo-0.1B alloy ismainly composed
bylamellar colonie§ ) and very fine b gl oblal ar gr an
The lamellar structuras not well visible because thent@llar spacing is small
(Figure 16, (a)) According to phase diagram, this microstructure derived from
solidification path: LY 2tobb ¥¥ +lhesb+U Y U+c
gr ai ns/Gadlonytbbuedares fom due to the bBYas transfo
phase shows sersioher ent i notaenrdf eoc epsh avsietsh Gt t he |
foll owing crystall ographd c( 1r0ell) &t/ i/ rslii) p
[ 1120][UL11] b /cdn[b& Aotick that thet TNM ionostructure after
HIPing shows grain reductian comparison with TNM after casting-igure 16,
(b)). The B refining agent plays a beneficial role in cast TNM alloy, the grains
became coarse in TNM alloy withoBt(Figure 16, (c)). In this case, the grains are
coarse in spitef HIP treatmentThe HIPedTi-43.9AF4Nb-0.95Mc-0.1B powder,
obtained by gas atomization, has homogenous microstructure consisting of globular
9 ,2abld b (Fgurels, (@8. The addition of C improves the higgmperature
capability of TNM alloy and increases the strength and creep resistance. However,
the microstructure of TNM dramatically changafter small addition of alfa
stabilizer (C, 0.5% at.) into the alldifzigure 16, (e)). The solidification pathway
does not i nvol ve Inlorder to pronoiha | f obr ,ntfeed ri mant i o n .
detrimental effect ofC can be compensated by Moh i ¢ hphases stabilizer
(Figure 16, (f)) [17].

The various microstructas of T+48Al-2Cr-2Nb alloy, that are obtained after
different processing paths starting from metal powders, are sho#gune 17
[18]. The microstructure of this alloy after the EBM process is always extremely
fine and homogenss, but it usually contains only very small spherical pores
(Figure 17, (a) and(b)). During powder atomization, the gaseous Ar entrapped
inside the alloy created the residual porosity, that can be quantifie2Ptesisfter
HIPing the porosity can be reduced to 1%. In addition, the HIPed alloy is subjected
to a full recrystallization; the growth of near equiaxed grains is clearly observed in
Figure 17, (c). A duplex microsticture can be formed after ulteritinermal
treatment. In this case, after 2 h at 1320 °C, about 40%goixed grains is
transformed intdamellar colonie®f o/L, and theaverage colony size about 100
um. The rest of fine equiaxed grains (approximateluid show that grain growth
did not occurred during hetsteatment [figure 17 (d)) [18].
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Figurel7: Microstructure of T48AI-2Cr-2Nb alloy: (a) after EBM processing, on
the left of the picture typical spherical defect inside is present; (b) after EBM processing;
(c) after EBM and HIPing; (d) after EBM, HIPing and thermal treatment for 2 h at 1320
°C[18].

The Figure 18 shows different microstructures @f-48Al-2Nb-0.7Cr0.3Si
after engineering processing. The very fine gamma equiaxed grains, generally
parallel to powder layers, with coarser grains represent the typical microstruct
after EBM processHigure 18, (a)). The near gamma microstructure forms after
melting and rapid cooling, while the linear bands with big grains are due to re
melting of previously deposited layer as a conseceienf heat diffusion
phenomena during EBM processing. Tikggure 18 (b) shows a duplex
microstructure: some lamellar grains formed after heat treatment at 1300°C for 2 h
(below the alpha transus temperature). Gely lamellar colonies can be observed
in this microstructure (red and yellow arronwsgure 18, (b)). The quantity of
lamellar colonies and the dimension of grains increased when the temperature of
HT grew Figure 18, (c)). The near lamellar microstructure appeared after HT at
1360°C for 2 higigure 18, (d)). Fully lamellar formation was obtained at 1365°C
and 1370°C for 2 hRigure 18, (e) and (f) respectively). The small difference in
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temperature (only 5°C) changed the connection between lamellar colonies (the total
connection was present at 1370 f09].

Figure18: Optical microscopy images ofi-48Al-2Nb-0.7Cr0.3Simicrostructure:
(a) equiaxed morphology after EBM, the arrow indicates the building direction, (b)
duplex morphology after HT at 1300°C for 2(b) duplex morphology after HT at
1350°C for 2 h, (d) near lamellar morphology after HT at 1360°C for 2 h, (e) fully
lamellar morphology after HT at 1365°C for 2 h, (f) fully lamellar morphology after HT
at 1370°C for 2 h with biggdra me | | ar .§l®lai ns of o/ U
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1.1.3 Mechanical and oxidation resistance of TiAl intermetallic
alloys

In order to improve the mechanical properties and high temperature capabilities of

TiAl intermetalic alloys, during the last years many researchers designed novel

TiAl alloys with alloying elements suitable for optimizing their microstructure. The

main components of ahd oni phaphass(@NTheebd ar

has good high temperatur st r engt h, but very | ow ductil
excellent strength at high temperature (606 700 °C) and its room temperature
ductility is | iplasgd]dThe abddition into¢he alleyrof Nb,han U

Ta, W and Mo,-phase¢, anprovesi tie ereep resistancé. The Cr, Nb
and Mo alloying elements in TiAl allojake easier forging and extrusion at high
temperaturd3]. In fact, Nb and Mo favour théormation of the cubicb-phase,
which becomesrdered at high temperature and for this reason facilitates forging
and extrusion. The room temperature poor ductility and strength of the fully
lamellar microstructure is due to its coarse gralte elements Cr, Mn and V are
usedto reduce the grain size in TiAl alloys in order to increase the du¢@]if25].

The relationship between microstructures and some mechanical properties is
showed in thé-igure 19[4].

The fully | amel | ar ; phasas)uhast excelient ffaeture er nat i
toughness, but low ductility and strength. In addition this structure shows very good
fatigue and creep resistaridé. The duplex microstructure is preferred for most of
structural applications, because its improved ductility and fatigue resistance. On the
other handthe duplex microstructure shows limited fracture toughness and creep
resistance, while near lamellar and fully lamellar microstructures exhibit better
creep resistance and fracture toughii@sg22]. The near gammhas good strength
and ductility, but impact resistance and creep resistance areFmwoexample,
literature reports that the fracture toughness for the duplex microstructure ranges
from 10 MPa nf? to 16 MPa nf2, while the fracture toughness for fulgmellar
microstructures is about 30 MP&'ff4]. From the above it is clear that itriet
possible to maximize all the mechanical properties, but the best compromise should
be adopted for each specific applications.
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Figure19: Dependence of mechanical properties (fracture toughness, strength,
ductility, impact esistance, creep resistance) and grain size on the microstructure (Near
Gamma, Duplex, Nearly lamellar, Fully Lamell§4].

In Figure 20the comparison of tensile yield strengths at different temperatures
of v a-TiAl alloys is reported3].
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Figure20Q: Yield strengths of TiAbased alloys at room temperature an@t°C
[3].

The yield strength greatly depends from chemical compositions and method of
production of the TiAl alloys. In every case, the yield strength decreases with the
temperature increases.

The typical oxidabn performances of second, third generation TiAl alloys and
coated TiAl alloys are comparedhigure 21 [3].
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Figure21: Oxidation behaviour ofoated and uncoated TiAl allojg].

According to previous studi¢8],[5],[22],[26],[27] the oxidation behaviour of
TiAl intermetallic alloys very often depends on many factors such as: Ti/Al ratio,

alloying elements, different microstructures, temperature, atmosphere conditions
ect.

The aluminium concentration in TiAl alloy26],[28] plays a very important
role, because aluminium can form protective oxide scakgibn the surface and,
as a consequence, this barrier hinders inward diffusion of oxygen and further
oxidation[5]. Titania (Ti®) and alumina fom on surface at the same time. As it is
known, the titania, a fagirowing oxide, does not provide loigrm oxidation
protection[22] because the diffusion of oxygen and metal ions through titania is
faster than through aluminf29]. The activation energy for titania formation is
lower than that of alumina and this leads to faster growth of Wit respect to
Al203 [5],[30],[27]. Only an increase of Al to Ti atomic ratio limits the growth of
both TiG and the whole oxide lay§27]. For example, the activation energy for
oxidation of the binary Tb0AIl (% at.) alloy is 423kJ/mol, while for pure Ti alloy
is 239 kJ/mo[27].
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In addition, a higher activation energy |
phase (Ti Al ), which exhibits sippghasef i cant | )
(TizAl ) . The oxi dagainodn or epsh assteasn ccee ppefndls on s
solubility of oxygen in these phases and diffusion of aluminium and titanium. Both
2 and b phases show a | ow »>phase shbwsaf oxyger
higherlevel[7]. According to the | itoxphasetisdi2 e, t he ¢

15% and i n-3%[2lphtalkies i me&ns that oxygen pen
phase than i nt o;phasa(fAl) cdntaipsheassalemsiniumihane U
2 (Ti Al) . The diffusion c¢ oegpghdse @.6x&0n t of al
Mm%t is | ower misandi dm P h@&nefshq The lbwed 0
oxygen solubility, the higher aluminium content and aluminium diffusion rate (that
could promote the formati on .pliasexduldmi na) i1
be responsible for the better oxidation resistanfe 2 phase. On the oth
the diffusion coeff i ephase®@ixttfm’st)isioveeni um at ¢
than in o nisd)s ean(dd . ® x p Ba’ste and this Boadt 0
favourable for the formation of a passive layeronthe§ ace i n t he case ¢
phases. However, the odiafnfdu sbi grh arsaetse iosf bTig
Al in these phasef/]. Therefore, on the basis of the diffusion rate of metallic
elements, Ti@should form preferentially in the initial oxidation step of bokh 9
phases. The | imited al umi ni uJphadeildaflsusi on, i
to poor formation of aluminium oxide protective layer during initial oxidaf&irj.
After the formation ofan initial oxide layer, the oxidation progress depends on the
diffusion of oxygen, titanium and aluminium though the preformed oxide. The
activation energy for the diffusion of oxygen in Bi@34 kJ/mol) is lower than
the oxygen diffusion in ADz (587 kJ/mol) [27]. The activation energy for the
diffusion of the titanium in TiQ (257 kJ/mol) is lower than the activation energy
for aluminium diffusion in AdO3 (477 kd/mol)27]. Conclusively, the diffusion of
both oxygen and metal occurs faster insidezM@ich should grow more quickly
than AbOs. Therefore the only way to limit the formation of Bifd a bnary Tt
Al alloy is to increase the Al:Ti atomic ratio.
Potentially, the binary FAl alloys with very high aluminium concentration
should display excellent oxidation resistance. Unfortunately, these alloys show
poor mechanical properties, and therefosythre not suitable for high temperature
applications in aerospace and automotive sectors. Better mechanical behaviour can
be achieved by adding alloying elements and designing ternary and quaternary
alloys. Some of these alloying elements are detriméntakidation resistance, but
other alloying elements can counterbalance their effects.

The effect of Cr, Si, Nb, Mo, Ta and W addition on the oxidation resistance
has been well investigate@],[8],[5],[22],[32]. The relative effectiveness of
beneficial elements follows the order: W>Mo>Nb>Si [20],[29]. For example, the
activation energy for oxidation of TiAl alloys with Nb high content was founded
about 296 kJ/ mol and 268 kJ/mol for-43AI-11Nb and TH30Al-2.7Nb
respectively [24], then Nb increases the activation energy, but it still remain lower
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that the activation enerdgr Ti-50Al (423 kJ/mol)27]. The Nb ions insidehe

oxide scale slows the diffusion of oxygen. In addition, the thermodynamic activity
of aluminium enhances compared to that of titanium, which reduces the rutile
growth rate and facilitates the alumina forma{@%],[33]. Unfortunately a content

of Nb over 10 % at. favours the formation ofNb and AINb mixed oxides, which
decreases the oxidation resistance. The Mo significantly reduces the oxygen
solubility in the TiAl-based alloys and enhances the aluminium diffusion, thus
enabling the alumina formation on the surfpdef22],[16]. The silicon can play a
beneficial effect on the oxidation resistance at low temperature, since it forms
silicides andsilica, which acts as a barrier for oxygen diffusi@2],[16],[34].
However, an excessive content of Si causes the oxide layer exfofatipnA
chromium content below 4% leads to a detrimental effectttee oxidation
resistance. On the contrary, a beneficial effect of Cr is observed when its percentage
ranges between 8 % at. and 10 % at., even though over 10% at. it worsens the
mechanical propertig28],[27]. In fact, the formation of a &Ds diffusion barrier,
inhibiting ion mass transport, improves the high temperature oxidation resistance
of TiAl alloys [5]. According to the literature, several combinations of alloying
elements create a synergistic effect in quaternary-basked alloys. For example,

the couples Cr with NfL6], Nb (510% at.) with Si (35% at.)[35] and Mo with

Nb [7],[36] display this synergistic effect which results in the accelerated growth
of alumina. However, the contemporary presence of Cr, Nb and Mo together in
TiAl alloys was not found to improve the oxidation resistance, contrary to the
couples NbCr and NbBMo [28].

After the primary formation of mixed oxides, the oxidation mechanism of TiAl
system completely depends on inward and outward transport processes: the thermal
diffusion of metal and oxygen ions in budkd grain boundaries of oxide layer and
the transport of electrons and holes thro
theory). TheFigure 22 shows the diffusion process inside the oxide layer, where
the diffusion of O? ions across the oxide layer was caused by Nernst potential
coming from the difference in partial pressure of oxygen. On the base of diffusion
processes Wagner proposed the parabolic law for the growth of the oxide layer.



28

Introduction

0 2+ -2
Nene - MT+ 0™ > MO
1/20,+ 2e” > 02 M
<+ M
Air —» 2h* M > M2+ 2e’
M7 +0? 3 MO 2e" <
MO
- >
+V, Nernst Potential,
Figure22 Wagner ds parabolic mo

del .

The kinetic parameters (parabolic constant rate and activation energy) for the
oxidation of complex intermetallic TiAl alloys in the temperature range of interest
be investigated

coul d

Since the oxide layer growth on TiAl alloy is controlled by diffusion the

according to

Wagner ¢

velocity of mass gain decreases with the time, because the thickness of the oxide
layer increases. Th&a g n éow forsoxide layer growth is represented below:

[0

L « where

t he

Kp

s parabolic

of the sample per unit of surface area and t is the time.

The Kp value increases with the temperature growth.

rat e

The relation between the parabolic rate constant Kp, the temperatureeand th

activation energy can be expressed by the Arrhenius equétion: Lt = %EI ,

where K is a constant, Q is the activation energy for the oxidation, R is the gas
constant and T is the temperature in K.

The Arrhenius equation can bks@ written (taking the natural logarithms of
both parts) ad: TL_ maL

i3

14

By plotting In (Kp) versus 1/T the activation energy for oxidation Q can be
calculated from the slope of the straight line fitting the experimenta[2i2jt

A high value of activation energy Q indicates that the alloy has good oxidation

resistance.

(
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1.2 Oxidation protection: surface modification and coating
deposition

The surface modification or the adoption of protective coatings can significantly
improve the oxidation resistance of TiAl all¢2]. After an initial oxidationan

oxide layer forms on the modified surface or coating. This oxide scale becomes a
diffusion protective barrier that reduces the oxidation kinetics of complex
intermetallic substrateUnfortunately, after the prolonged oxidation most of
thermal barrier systems tends to form inherently brittle phases thattdead
deterioration of the mechanical properties of surfaces or spallation.

In general for TiAl alloys severahti-erosion anaxidation protection surface
treatments have been proposed: thermal diffusion (plasma carburization, nitriding,
sulphidation, and cc.), lowxidation partial pressure treatment, ion implantation,
laser surface alloying, aluminizing, sg&l proces$3],[22].

At present, these surfadeeatments should be further investigated, and
improved for long period applications.

1.2.1 Surface modification and surface alloying

The thermal diffusion is very convenient and most used technique for surface
microalloying and developmemf modified sufaces. Several thermal diffusion
methods have been developed: solid, liquid, or gas thermal diffusion, plasma
thermal diffusion and compound thermal diffusion. The main advantage of thermal
diffusion is the excellent metallurgical bonding between-aéayed surface and
substrate. The alloying elements penetrate into the surface under heat action, thus
modifying the surface composition. The diffusion of Al, Si, Cr, Nb, C, S and Mo
elements can improve the oxidation behaviour of titanium aluminides forming
suitable modified surfaces. After oxidation, th#oyed surfaces transform into
compact protective oxidised scales, where the oxygen and metal ions diffusion is
rather difficult[5].

The thermal diffusion of Si results in thermation of TsSiz and TiSp phases
on TiAl surfaces. After oxidation up to 1000%@anly alumina and silicon dioxide
form on TiSi compounds. The complex protective scale impedes the Ti odtward
diffusion and O inwardliffusion, which improves the oxidat resistance. In
addition, the TSi compounds have very similar thermal expansion coefficients
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with respect to the TiAl substrate, which hinders spallation and results in good
thermal cycling resistand87],[38].

The oxidised scalrmed after 1000 cycles at 950°C was continuous, adherent
and without crackgFigure 23)[38].

Figure23: SEM micrograph oSi-based cading deposited on TiAl alloy: (a) after
100h at 1000°C (1®mbar), (b) and (c) after 1000 cycles at 950 °C if38i.

The chromizing of T6AI-4V alloy by double glow plasma creates a dense
chromized coating and ar mutual diffusion layer. After 100 h at 850°C, oe th
surface a GOs external layer and a TiQinternal layer form. The compact
chromium oxide inhibited the oxygen diffusi{s0].

Also a Nb alloying coating was deposited oR6Hl-4V [40] and TtAI [41]
alloys by double glow plasma thus improving significantly their oxidation
resistance.

Carburized samples of -Al alloys showed good oxidiain resistance at 900°C
owing to the formation of a complex multilayer made of (from outside to inside):
TiC/(Al3Ti)Cux/carbide/(T3Al)C 1x/carbide/the substrafé2].

The Mo surface alloying provided good oxidation resistance below 650 °C of
Ti-6Al-4V alloy, urfortunately at 850°C the molybdenum protective coating lost
any protective effedé3].

In the S alloyed coatings, S reacted with Ti forming.Ta8d favouring the
TiAlz and TiAb Al-r i ch phaseds formation. Sul furi z
oxidation resistance at 900°[@4].

Oxidation treatments under low oxygen partial pressure eoxiciation of Tt
Al-based alloy are suitable for the initial formation of a protective scale. According
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to thermodynamic equilibrium conditions, mainly alumina formation can be
observed under lowxygen partial pressure. An initial oxide layer that contains
alumina and several other oxides {HDs, TiO: etc.) improves the high
temperature oxidation resistance, but it is not effective for very long p¢bpds

lon implantation is a surface modification process, which involves the impact
on the sample surface of ions accelerated by an electrical field. The main advantage
of this process is that it is a low temperature method, which allows the perfect
implantation on TAl surface of the almost all elements and their combinations such
as: metallic ions (Al, Nb, Mo and Snopnmetallic ions (C, Cl, F, I) or combined
ions (C+Nb, Al+Nb and Si+Nb). The concentration of implanted ions can be
controlled and reproducible, thetding with the substrate is quite good but the
process is rather expensiig.

The Al, Si, or Mo ion implantatiofavours the alumina formation during initial
oxidation[45].

In addition, the Nb implantation promotiée formation of an Al enriched layer
on the oxidized surface decreasing the content of tifdfija

Combined ion implantation of Nb with other elements (C, Al or Si) into the
surface of TiAl based alloys, improves oxidation resistance of alloy and stabilizes
the beneficial presence of these elements in the extremal4ch|48],[49].

The halogen elements such as F, Cl, Br and lantpd into the surface lead
to improved oxidation resistance of TiAl alloys. The halogen elements depress the
oxygen ions diffusion and react with Ti giving compounds that volatilize during
oxidation. The titanium halide become gas at high temperatutbamdore mainly
alumina forms on TiAl surface. In addition, aluminium halides at high temperature
concentrate at the interface between oxide scale and substrate via diffusion through
pores/cracks, and they successively oxidise into alumina. The conuadeto$
alumina improves the oxidation behaviour of TiAl alloy. Anyway the ion
implantation of halides shows some drawbacks: formation of very thin films (about
0.5 um) that limits the application for loAgrm, and high cost of production
[50],[51],[52],[53].

Laser surface alloying is a surface engineering process, which exploits the
shorttime interaction between a directed energy laser beam @neldeposited
layer of alloying elements or compounds and can affect the underlying substrate.
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The final coating has good metallurgical bonding with the underlying material,
dense microstructure and controllable thickness. This technique permits the
depodtion of many different coatings on several substrates, includingl Ti
traditional and intermetallic alloys].

The TiAl laser surface alloyed with C andNb resulted in good oxidation
resistance at 870 °[54].

The Ti-6Al-4V laser surface alloyed with Al+Nb mixture exhibited good
oxidation resistance due to the formation of a complex coating consisting of
TiAl 3/TiAl/Al. In fact, a continuous and dense alina protective scale appeared
after oxidation of this laser surface alloyed matgBal. Similarly, laser surface
alloying with aluminium powders in nitrogen atmosphere was adopted to greatly
improve the oxidation resistance, at high temperature and for long time6a1-Ti
4V. Unfortunately, this kind of coating shows poor wear behaykir

Generally speaking, the laser surface alloying seems a very promising method
for processing protective coatings,tifurther process improvement is necessary
for practical applications. In fact, the shielding gas or gas formed during the reaction
with the substrate easily cause the formatiomlefects as pores, while the high
heating and cooling rate during depositaraates crackisiside the coatingp].

In the following a more detailed presentation of some protective coatings for
oxidation protection is given. Alternative methods for processing more or less thick
protection coatings équently consist in the surface deposition of metaled
coatings and complex thermal barrier coatings, formerly developed for the
oxidation protection of nickel superalloys.

1.2.2 Aluminizing

The aluminising of TiAl surface, resulting in an Al rich lay@iAl 3), also can
improve the oxidation resistance by promotatgmina formatiorf57].

The aluminised layer can be obtained in different ways: aluminium deposition
by ion-beamassisteedeposition, aluminium cladding, PVD deposition of HAI
and pack cementation (P{22].

For PC procespowder mixtures containing pure and alloyed aluminium are
commonly used, with the addition of inert filler (for example alumina) and a
activator (halide salt e.g a fluorid€&or instance the diffusion of Al, leads to Tl
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formation on the FAl surface.Unfortunately, some cracks form inside the oxide
layer and the substrate made of brittle EiAlhis happens because of the thermal
mismatch between TiAland the substratéh order to reduce the thermal stresses
and decrease the cracks formation, a FiIRAI > multilayer can be adoptd488].

Also the interdiffusion betveen substrate and coating results in the formation
of a TiAlz intermediate layerRigure 24,(a))[59].

_Al-Diffusion Coating Base Material

Al,O,

Al Depleted
Layer

Figure24: SEM cross section @k TiAl alloy aluminised at 800 °C for 5 h in a low
Al activity pack: a) as processdu), after 10h isothermal oxidation at 900 °C and c) after
long term oxidation of 100h at 900{&9].

After oxidation, the external part of the coating gives rise to alumina formation
(with traces of TiQ), while progressively TiAltransforms into TiAd (Figure 24,
b and ©. In addition, TiAkis rather brittle and shows poor cracking resistance due
to the low symmetry of its tetragonal BGtructure59].

Some alloying element of TiAl alloys (Nb or Cr) showed beneficial effects on
the aluminised layer in terms of coating stability and microstructure. In fact, the
aluminising rate of TiAl alloys increases with small content of Nb oy C
aluminising kinetics promotes the Al diffusion dedds to the formation of a stable
TiAl 3 layer with less surface cracf&0].
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The oxidation mechanism of aluminised surface, based on the diffusion of
several elements, is depictedrigure 25. After long term oxidation (e.g. at 800
1000°C) the surface layer consists of four different layers: external alumina scale
with contamination of rutile, underlying TiAlayer coming from al depletion of
TiAl 3,two layers containing Al and Ti with an aluminiumncentration decreasing
with the distance from the surfae/].

(@)
P b 47%0 & ___ALO(TIO,)
TiAl,
TiAl (high Al content)

Srst TR
Mﬂ. ll TiAl (low Al content)
’

35t iaene Tt i

Figure25: The oxi dati on -piAlalloyya 80°C for 3ddursymi ni sed o
(a) initial oxidation (b) morphology of the layer after prolonged oxidg&ai.

1.2.3MCr AlY overlay coatings

In addition to aluminizing, alsWCrAlY overlay coatings have been traditionally
used for the oxidation protection of materials for high temperature applications. For
this reason these kind of coatings, that are very effective whawsitled on the
surface of nickel superalloys, have been tested for the oxidation protection of the
TiAl intermetallic alloys too.The overlay coatings can be deposited by using to
main techniques: electron beam physical vapour depositiorP{EB and low-
pressure plasma spray (LPPS). In both cases the surface layer (abpot tHi¢k)

is deposited at high temperature under vacuum and controlled atmosph&¢DEB
process is based on the evaporation of coating material by means electron beam and
subsequentdeposition on the substrate. During the LPPS process a plasma
containing drops of molten MCrAl¥ sent to the surface where it solidifies.

The MCrAIY overlay coatings (M=Co, Ni and Ni+Co) at 8900°C in air
suffer oxidation giving rise to a complex stiwie [61],[62].

The MCrAIY coaings are currently used to protect-Fé&€o, Ni-based
superalloy$63],[64],[65]. When deposited on surfacemTiAl alloys they oxidize
giving mainly AbOs, Cr.Os and nickel oxides on the surface. Cr promotes the
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formation of alumina while even little amounts of Y strengthen thefadi@al bonds
between the oxide layer and the substfa®}. During the oxidation, Al and Ti
diffuse towards the surface and Ni and Co diffuse towards the substrate. The
diffusion of these elements causes the formation of a diffusion interlayer placed
betwea the MCrAlY and the substrate. The interlayer shows a complex
composition as it contains intermetallic phases like AINor AlICo.Ti and other
ternary components. The formation of the interlayer worsens the mechanical
properties and this can cause crgobwth[66],[65].

For instancdrom Figure 26 it can be observed that some cracks formed on
the CoCrAlY surface after 100 cycles at 100086].

Figure26:. Co Cr Al YiAlaftenliDGcycleat 1000°C: (a) surface
morphology, (b) crossection microstructurgs5].

After prolonged cycling (100 cycles at 1000°C), the hatmFiO. also
appeared on the surface of the CoCrAlY and NiCrAlY deposited on the surface of
an intermetallic alloy65].

In order to prevent the above mentioned haliéiusion suitable barriers can be
put between MCrTA [87][68ati ng and o

For example, after the isothermal oxidation at 900°C, the ADANICoCrAlY
coating sytem deposited on the -RiBAI-2Cr-2Nb surface granted better oxidation
resistance than the monolithic NiCoCrAlY coating. In this case, the AWAI
interlayer avoided the Ti outwaadiffusion and Ni/Co inwardliffusion. The
AlCo.Ti and AINi:Ti brittle intemetallic phases were not formed inside of the
NiCoCrAlY coating. In addition, a compact scale made of alumina only formed on
the coating surfacis8].
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The NICrAlY coating plasma sprayed on THANb-3Mn (% at.) and TiARNb-
2Mo (% at.) beta gamma alloys sustained very wadlic oxidation up to 1000°C
[69],[70]. TheFigure 27 depicts the coating modification with the number of cycles
[69].

oxidized after 10 cycles and (c) 120 cycles, (d) 460 cycles (e) 800 cycles at 160p°C

A TiN layer grew in any direction at interface between coating and substrate.
The N> passed very easily through porous NiCrAlY coating doted by plasma
spray) and reacted with Ti diffusing from the substrate. The formed TiN interfacial
layer, when enough thick, blocked both inward Ni diffusion and outward Ti
diffusion (Figure 28) [69].

Surface Oxides

Internal Oxidation
TiN

Newly

; g Developed
Ti/N Enrichment TiN

Al Depletion &

TiAl-4Nb-3Mn

Figure28: SEM/EDS analysis of NiCrAlY coating deposited on F#NIb-3Mn (at.%)
alloy during cyclingoxidation at 1000°C after 800 cyclgg9].

Generally, the severe Ni inward diffusion created a complex diffusioa of
Ni2TIAI/NITIAI/(NITIAI+TIAl) between TiAl alloy and NiCrAlY coating. The
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Ni>TiAl external part of the diffusion zone is progressively converted to TiN with
the time[69],[70].

The TiAl-4Nb-3Mn (% at.) alloy coated with NICrAlY showed a similar
oxidation mechanism dominated by inward and outward diffusion of several
elementsKigure 29) [70].
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Figure29: Diffusion processes occurring in NiCrAlY coated Ti##Nb-3Mn (% at.)
alloy during cycling oxidation at 1000%Z0].

Nickel diffused not only inward but also outward leading to the formation of
NiO phase in top of surface. A bright gldar phase of Mo formed in the inrer
diffusion zone. The Mo diffusion also caused the widening of the grain boundary
regions of TiAHNb-3Mn (% at.) alloy. After long term oxidation, the outward
diffusion of Al through the TiN interlayer created poresobelthe TiN layer
(Figure 29)[70].

1.2.4Thermal barrier coatings (TBC)

This kind of protection systems have been developed for the components of turbine
engines (typically turbine blades) that operate at the highest tempsratuare
traditionally fabricated by using nickbased alloy$61],[62].

The TBC is composed of two coatings deposited of the surface of the
component: an internal layer that can be either an aluminium rich layer obtained by
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aluminizing or a MCrAlY deposited by plasma spray, and aareal ceramic layer

made of zirconia partially stabilized by yttria, deposited by plasma spray or electron
beam assisted physical vapour deposif@)i6],[61],[71]. According to current
industrial practice the zirconia layer is deposited byFBED on a aluminized

bond coat while low pressure plasma spray ( or vacuum plasma spray are used for
depositing the ceramic layer on thkCrAlY bond coat.

The structure of a TBC is representedrigure 30[71].

Air Film Cooling
o ‘
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Internal Cooling t't 4= Hot Gas
1. Internal Cooling L

Cooling Air

Temp. ~  Ni-Base Superalloy ~ MCrAIY Ceramic
Substrate Bond Coat Top Coat
Distance
TGO

Figure30: The crosssection of thermal barrier coating in a first stage b[&dg

The external ceramic layer (Top CO&T) exertsan insulating effect and
creates a temperature gradient within the TBC, thus lowering the temperature of the
substrate. The Top Coat is porous and therefore does not grant any protection from
oxidation. The underlying layer rich of alumina (aluminized o€dlY layer
called Bond CoaBC) reacts with the oxygen easily diffusing through the Top Coat
and it gives rise to an intermediate alumina layer called Thermally Growth Oxide
(TGO). The interfacial bonds between the TC and the MCrAlY is generally better
(because of the roughness of the MCrAlY surface) than those between the TC and
the aluminized layer, but this last more easily oxidises to alumina. The thermal
expansion of the TC is very similar to that of the BC, but strong thermal mismatch
exists betwee GO and BC, which results in important thermal stresses. The
thermal stresses increase with the growth of the alumina layer, and cause the failure
of the TBC when the thickness of the alumina layer reaches a critical value. The
TBCswere alsotested fdre p r ot el@Altaliogsanddnfthiszase, the TBC
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failure also occurred after the growth of the alumina layer up to a critical thickness
[51.[71].

Figure3ls hows the cross sect-dTidlbefoorefanda TBC de
after 100 h of oxidation in air at 900 {22].
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Figure31 SEM imagines of crossection & T B TAl allay (in up of the figure
complex system before oxidation, in doverfter oxidation in air at 900 °C): a)
aluminized BC, b) substrate poidation in air, c) substrate poxidation in oxygen

[72].

Sample fiad was processed by using an alwu
obtained by performing a piaxidation in air of the substrate before the aluminizing
treat ment and sample fAcd was obtained by
oxidation in oxygenThe best oxi dation protection wa
which showed the best interfacial bonds between the TGO (containing not only
alumina but titania too) and the BC. The aluminized BC consists of aintll TiAb,
butitt r ansf or ms p{Tidlgecausesof theediffysion af aluminium
towards the substrate. Other kinds of BGATiCr-Y-N, Ti-Al-Cr) were tested as
an alternative to aluminized BC. In general the BCs provide oxidation protection to
o-TiAl alloys (e.g Ti-45AI-8Nb at.%) for several hundreds of thermal cycles up to
850-950° C. The failure of these protection systems entails crack formation and
spallation, which is promoted by the possible presence of porosity inside the BC
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and the TGO. In addition, thesence of Ti inside the BC and then the presence of

TiO2 inside the TGO decreases the oxidation protection capability. The BCs based

on aluminides unfortunately show great brittleness, which is detrimental for the
mechanical behaviour (crack formatiander limited thermal stress). These kind

of TBCs should be optimized in terms composition and processing path in order to

ensure long er m oxi dat i o-4TiAl plioys.t Fenally, iit shouldobe 2

considered that the processing of complex TBCs is guipensive and they are

successfully adopted for components that are internally cooled. In addition the
processing of ci r ctrliAltalloystepresentsa bbigechaleage c ool i n
because of their intrinsic brittlen€§2].

1.2.5Metal-based coatings specifically designed for FAl alloys

Since the overlay coatings show poor chemical and physical (thermal expansion)
compatibility with both Titanium alloys and-Al intermetallic alloys, alternative
metatbased coatings have been investigated.

These metabased coatings can be used as an alternative of surface
modification and aluminizing. Various coatings {&) Ti-Al-X, Ti-Al-Cr-X) can
be deposited by different technics: PVD, CVD, ion plating, thernralysmy, laser
cladding, solgel etc[3],[5],[6].[22],[73].

The metalbased coatings AX (X=Si, Nb, Cr, Y) have been formerly
developed to improve the oxidation resistance of traditiondll iased alloys,
and more recently have been considered for oxidation protection of intermetallics.
These coatings have excellent thermal stabilitythad high content of aluminium
leads to formation of a scale rich in alum|B&[5].

The ALSi coating deposited on -BAI-4V by low oxygen partial pressure
fusing method after c¥ic oxidizing showed the formation of a continuous layer of
alumina on the top of surface. The formeee8iiched layer impeded the diffusion
into the coating of elements detrimental for oxidation resistance. Fe édating
fabricated by low oxygen paat pressure seffusing technique on T6AI-4V
showed excellence oxidation resistance at 6Q@aC

The TiAl-based alloy with Al+Y coating, edeposied by the single E®VD
processduring oxidaibn at 900°C and 1000°C formed an interlayer of alumina
and an outer layer of (Y,AlO. The (Y,Al)O external layer acts as a stabiliser of the
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coating and leads to a compact oxide scale which greatly enhances the oxidation
resistancg7s].

More complex Adbased coatings were also investigated. Th@.9Al-5V-
5Mo alloy was coated by lowressure plasma spraying with quasistalline
coating AICu-FeCr (mix of icosahedral quasrystalline phases AdCuxoFers,
AlesCrsCueoFero and crystalline AICu). After cycling oxidation test at 650°C and
800°C, the stable and compact scale (showing no spallation) consistefDeinAl
the external part and a mixeuof CpOs, CuO and FeO in the inner pr6].

However, the AIX coatings shows thermal expansion coefficient different
from that of the substrate and, for this reason, suffer of rapid degradation and
cracking[5].

The metalbased THAI-X (X=Nb, Cr) coatings can provide excellent oxidation
pr ot e c t-TiAb alloyd umder ismthermal and cyclic oxidation, because they
have compositions and thermal expansion coefficients similar to the substrate
[63].[77].

The magnetron gjitered Ti50A-k1 0 Cr (% at . ) <coBAling depo
alloy was tested under isothermal and cyclic conditions. After testing at 900°C for
h 1000 and at 1000°C for 100 cysla continuous and adherent alumina layer was
formed orthe surface, while chmium and titanium oxides were present inside the
scale and gave rise to the growth of a very thick ldyigiuge 32). It was proposed
that chromium can promote the alumina formafiel,[65].

(a) »

Figure32: Cross sectionf Ti-50Al-10Cr (at.%) coating depositen Ti50Al
(at.%): a) after exothermal oxidatid®00 h of at 900° C, b) after 100 cycles at 1000°C
[65].
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A Ti-51Al-12Cr (% at.) coating deposited by lgwessure plasmapray
(LPPS) demonstrated thermal and chemical properties very similar to those of Ti
48Al-2Cr-2Nb (% at.) substrate, and alumina grew on this surface in the
temperature range 8aMO0°C in air. A Ti51Al-12Cr (% at.) coating was also
applied by magnetrosputtering onto F45AI-8Nb (% at.). This coating provided
oxidation protection during cycling (350 cycles) in the temperature range 750
900°C in air, while the oxide layer grown on the uncoated alloy quickly underwent
spallation under these test condig¢a3].

Both Ti-37Al-14Cr and Ti50AI-10Cr coatings were tested showing good
compatibility with TiAl substrate and excellent cyclic oxidation resistance without
crack and spallatiofb].

These TiAI-Cr coatings proved to be effective for oxidation protection, but
their l'ifetime is | imited. T HTAl anda i n
Ti(Cr,Al). Laves phase, which become unstable after long period oxidation. In fact,
after longterm oxidation at 900°C the degradation ofAli-Cr coating occurred:
the alumina formation caused the depletion of Al in the coating under the oxide
s cal e dalldphasehtransformed into the cubic-A-O (Z-phase); the Cr
inward-diffusion unto substratcaused depletion of Cr and the dissolution of Laves
phase in he coating. In particular, the degradation of Z phase leads to rapid
oxidation as shown irFigure 33[6].

comp
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alumina scale
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v-TiAl phase Laves phase
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Figure33 SEM images of FTb1AI-12Cr (% at.) coating deposited on4BAI-8Nb
(% at.): (a) after 10 cycles at 900°C in air, (b) after 120 cycles at 900°C in air, (c) after
120 cycles at 950°C in aifd) after 700 cycles at 900°C in &.

In addition, also FAI-Cr coatings with higher aluminium concentration were
investigated. An amorphous Rl Ti-23Cr (% at.) coating, deposd on the T
48Al (% at.) substrate by magnetron sputtering, after isothermal oxidation at
1000°C for 100h transformed into a mixtureQytAl and Ti(Cr,Al) phases, during
the contemporaneous formation otantinuous scale of alumina. After further
oxidaion at high temperature ti@goAlp has e di s a ppAlecamathewhi | e 2
main component of the coatingigure 34). Obviously, the high aluminium content
is responsible for the excellent protective film, intgatar the Ti(Cr,Al}» phase
helps alumina formatiofv8].



44 Introduction

?

Figure34: Al-21Ti-23Cr (% at.) coating deposited oirdBAI (% at.) alloy after
isothermal oxidation at 1000°C: (a) after 2h, (b) after 20 h, (c) after 50 h, (d) after 100 h
[78].

The substituon of Cr with Nb in T+Al-X coatings was investigated, but it did not
result in any advantage. TheZ6Al-5Nb and Ti46AIl-14Nb coatings deposited on
Ti-48Al-2Cr-2Nb substrate were tested for 100 h at 900°C in air. A mixture of rutile
and alumina formedfier oxidation of the coatings containing Nb, which were
initially JdislmawdtTigAt phases.dThebeycoatings provided a slight
improvement of oxidation resistance with respect to the uncoated alloy, but the
weight gain due to oxidation was & higher than that observed for-Ai-Cr
coatings and spallation of the surface layer was obs¢sy§d7].

Also a T+AI-Cr (-Y) coating was testefr effective protection from oxidation
of titanium aluminides. After oxidation, in the top dfetsurface a compact and
continuealumina scale formef¥9],[80],[81].
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1.2.6 Titanium and aluminium based nitride coatings

More or less complex nitride coatings have beengseg for oxidation protection
of Ti-Al intermetallic alloys. Some of them were obtained by adding nitrogen to the
metatbased coatings discussed in the previous section.

The oxidised surface of a-Rl-Cr-Y-N coating after up to 3000 h of isothermal
oxidaion at 750°C showed very complex structure: it was composed by subsequent
sublayers made of a mix of titania and alumina with different ratio between the
two oxides, and only small amounts of chromium and yttrium. Nitrogen was not
found inside the exterhaxidized layer, but it concentrated inside the-oxidized
coating where no oxygen was detec{®2]. However, the maximum useful
temperature for FAI-Cr-Y-N coating was 850°C, in fact at 900°C this coating
showed scale spallatid]. The TrAI-Cr-Y-N nitride coating granted excellent
oxidation protection for 3000 h at 750 f82] and was rather effective up to 850
°C, but this coating isot suitable for londerm application at higher temperatures

[6].

Nitride coatings TIAIN and TIiAIXN have high temperature oxidation
resistance, excellent wear resistance, and very high +haémaness. The
TiN/TIAIN composite coatings like BisAlosN/ Tio7Alo3dN as well as simipr
nitride coatings (ToisAlosN, Tio.7sAlo25N, TiosAlo.sSio.sN) were successfully
deposited on Fbased alloys by arc ion plating techniq|82],[84],[85],[86].

A (Ti-Al/Ti-Al-N)» multilayers coating was deposited on silicon and steel
substrates by magnetron-sputtering in Ar/N gas mixture. IrfFigure 35, the XRD
analyses of twadifferent (TFAI/Ti-Al-N)n, multilayer systems eposited onto
silicon (100) are reporte@®7].

From theJCPDF 00037-1140 (blue dash linesihe TiAIN phase has several
peaks (hkl): (111) 1l ocated at 37.5 (2pA)
corresponded at 49.5(2pA), (220) situated
(222) situated at 81(2pA). edimlthge XRDew of th
pattern. A shift of diffraction angles in XRD spectrum was due to the compressive
residual stress induced during a magnetron sputtering deposition of those complex
multilayer systemdrigure 35.
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According to JCPDF 0@050678 (black dash lines), TiAl phase has six
di ffraction peaks: (110) at 31.8 (2pA), (
(220) at 66 (2pA), Yaz217)5 Fajue8%0).,8 (2 A) anc

Red dash lines (JCPDF 0031144) refer to AIN phasg100) at 33 (2pA)
(002) at 35.8 (2pA), (102) at 59.5 (2pA),
Figure 35[87].
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Figure35: XRD patterns of the (FAI/Ti-Al-N), multilayer coatings deposited on
silicon (100): black pattern60 multilayer system with a period of 42 nm, and red pattern
-100 multilayer system with a period of 25 nm. The positions of TiAIN peaks (JCPDF 00
037-1140), TiAl (JCPDF 0@05-0678) and AIN (JCPDF 00031144) are indicated by

dash lineg87].

TheFigure 36 shows the high resolution (HRPS spectra after oxidatiditi
2p, Al 2p, N 1s and O 19f TIiAIN coating deposited by a magnetron sputtering
system on Si wafer substrate from Ti and Al targets, in nitrogen and argon
atmosphereThe binding energies and the relative spectral areas for all TiAIN
species that formed after deposition are reportdcbie 1.
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Figure36:. XPS peak fitting for a TIAIN coating: (a) Ti 2p, (b) N 1s, (c) Al 2p and

Binding Energy/eV

(d) O 15[88].

Binding Energy/eV

Table 1: XPS spectra analysis of-deposited TiAIN layerq88].

Binding energy

Relative spectral

Element Contribution Core level (eV) area (%) Assignment
Ti T1 2pap 4549 13 Tiin TiAIN
2p1;2 460.8
T2 2pap 458.3 45 TiO2
2p1;2 463.8
T3 2pap 456.4 14 Ti oxynitrides and /or
satellite structure of TiN
2[:)1;2 4622
T4 2p3 4535 28 TiAl alloy
2p1;2 4595
N N1 1s 396.4 71 N in TiAIN
N3 1s 397.8 29 N in Ti or TiAl oxynitrides
Al Al 2p 71.5 29 Alin TiAl alloy
A2 2p 737 54 Al in TIAIN
A3 2p 74.8 17 Al-Obonds
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From the Ti 2p HR XPS, the dominant component is T2, correspondingio TiO
The spiri orbit doublet of T2 is positioned at 45&\3 (2p3/2) and 4638V (2p1/2).
The second intense peak is T4, attributed té\ITimetallic bonds. The binding
energies of Tdre 453.5 eV (2p3/2) and 459.5 eV (2p1/2). T1 and T3 peaks have
similar intensity. T1 corresponds to TiN or TiAIN and T3 can be attributed to TiN
oxide or satellite signal of TiN. The binding energies of T1 are 454.9 eV (2p3/2)
and 460.8eV (2p1/2). Theruling energies of T3 are 456.4 eV (2p3/2) and 462.2eV
(2p1/2). The N1s HR XPS plot shows N1 and N3 contributions: a dominant peak
of TIAIN (N1), and a small pick that can be attributed to TiAIN satellite or TiAl
oxynitrides. The binding energy of N1 isgitioned at 396.4eV and for N3 is placed
at 397.8 eV. Al2p HR XPS plot shows three contributions (Al, A2 and A3).
Binding energy of Al at 71.5 eV, correspond teATibond. The principal
component is A2, probably attributable to TiAIN, with binding enesfyy3.7 eV.
The binding energy placed at 74.8 eV (A3) can be attributecb@sAThe O1ls HR
XPS plot consisted of 3 species: O1 (530.0 eV) refersitd Bonds, O2 (531.6
eV) refers to OHand O3 (532.8 eV) refers to adsorbed wis.

According to some ld@rature after oxidation at high temperature, alumina
preferentially forms on the top of TiAIN system coatings. This alumina external
layer hindered the inward oxygen diffusion and the underlying nitrogen rich coating
impeded the diffusion of oxygen towariti® substrats].

In addition, a TiAICrN coating, deposited on the TC11 titanium alloy by arc
ion plating method, showed excellent oxidation protection at 700°C for 100 h. The
chromium addition leaded to (Ti,Al)N and (Tr)8l nitrides formation. These
phases inhibited the oxygen diffusifg®].

However, on the surface of these nitride coatings cracks formed afteelong
oxidation at high temperatures; these cracks represented an easy path for oxygen
diffusion and for this reason they caused severe oxidationlmsEd alloy5].

1.2.7 Tantalum and aluminium based nitride coatings

Tantalum nitride is believed to display better properties with respect to titanium
nitride because of its better corrosion resist480g[91],wear resistanc®?2], and
hardnesg92]. For these reasons tantalum nitride coatings were deposited on
different substrates including-6iAl-4V alloy [43],[93].
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Tantalum was also used for dopingAliN coatings with the aim of enhancing
their oxidation resistancg4],[95]. However, at our knowledge, this kind of
coatings was never tested in combination with TiAl intermetallic alloys.

For instance, Ti@alTN coatings (T#&AlsNso, TassAl1iNso, TassAl15Nso,

TapsAl 28N4g) were deposited on silicon substrates by magnetron sputtering at room
temperature. In th&igure 37, the reactive magnetron -@puttering method of
TaAlIN coating is showi96].
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Figure37: Schematic presentation of TaAIN deposition on silisabstrate by
reactive magnetron esputtering/96].

Pure tantalm (99.95%) and aluminium (95.95%) with a diameter of 50.8 mm
were used as the targets. The distance between targets and substrate was 90 mm.
During the deposition, argon and nitrogen were used in the chamber, the flow rates
were 12 and 8 chmin respectivly, working pressure was 0.7Pa. The silicon
substrate was fixed on rotated holder and during sputtering it swung at a speed of 5
rpm. The TaAIN coating was deposited for 40 min(ig€g.

In Figure 38, the XRD patterns illustrates that all-fiah coatings have a face
centereecubic crystalline structure (TaN); and Aich coating (TasAl28Na4s)
probably has a neamorphous structure, formed by crystallites of hexagonal AIN
phasg96].
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Figure38: XRD patterns of ageposited coatings: (a) &AlsNso, (b) TasAl11Nsq, (C)
TagsAl 1sNs0, and (d) TauAl 28Nys [96]

The TazAlgNso, TagsAl11Ns0, TassAl1sNso, TaesAl2gNag coatings showed a
columnar structure, and th&apsAl2sNsg coating exhibited a neamorphous
structure Figure 39) [96].
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as-deposited

Figure39: SEM crosssection of agleposited coatings: (a) £AlsNso, (b) TagAl11Ns,

(C) TassAl 1sNs0, and (d) TauAl 28N4s [96]

In Figure 40, the XRD patterns of Fech (TasAlisNsg) and Abrich

(TaesAl 26N4g) COatings are reported.

The XRD patterns of other fré&ch coatings (T&AlsNso and TagAl 11Ns0)
exhibited a similar trend to %Al 15Nso, for this reason they are not reported here.

After exposition until 600°C, the Fai ¢ h

c o at i-hal structureoAme d

amorphous dominant structure appeared at 700°C oriciiacoatings. After
oxidation at 800 °C, the Fiach coatings oxidized, and in the top tantalum oxide
(TaeOs) formed. In case of Atich coating (TasAl 15Nsg), aluminium oxide begins

to form at 600°C after 16[96].

~

u
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Figure40: XRD coatings before and after isothermal oxidation at 600°C, 700°C,
800°C: (Up) TasAl 15N50, and (dOWﬂ)Taz4A| 28Ng [96]
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deposition

Those TaAITN coatings displayed good oxidation resistance in temperature
range from 600 °C to 700 °C. The z8al15Nso coating exhibited a superior
oxidation resistance ith respect to similar coatings with a higher tantalum content
when treated at 700 °C for 4Figure 41[96].

Ta,AlgNs, TaggAl44Nso
annealed at 700 °C for4 h annealed at 700 °C for4 h

annealed at 700 °C for4 h annealed at 700 °C for 8 h

Figure41l: Crosssectional SEM images of 7a-N coatings after isothermal
oxidation at 700°C: (a) LAl sNso, (b) TasAl 11Ns0, (C) TasAl15Nse, and (d) TasAl 1sNso
[96].

1.2.8Ceramic oxide-based coatings

Ceramic system coatings as oxide coatings and enamel coatings have excellent
thermal stability and oxidation resistance at high temperature. The oxide protective

coatings deposited on the surface of titanium aluminides commonly are based on
Al>O3z, SI®; andCr203 [5].

The Ti22Al-25Nb alloy covered by sol gel processing with silica coating and
oxidized at 900 °C showed that the oxygen inward diffusion and titanium outward
diffusion are hindered by the coating. This greatlytintihe growth of a reaction
layer made of AINb®@at interface between substrate and the coating and ef TiO
at the top surface. A chromia coating deposited-@imAl alloy by multi arc ion
platinum method promoted the growth of alumina at the interface with the
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intermetallic substrate and retarded the titanium outward diffusion and the
subsequent Tig¥ormation. It is believed that the preferential formatiomloimina

at the interface with the substrate is due to the low oxygen activity. However, these
simple oxide coatings are generally not well compatible with titanium aluminides
and intrinsically brittle, which promotes cracking and spallafea).

Enamel protective coatingsave good compatibility with the intermetallic
substrate as their thermal exysion coefficient is similar to that of titanidpased
and TiAl intermetallic alloys. Enamel coatings show optimal high temperature
stability, low cost and easy process|[by

After 300 h at 800°C, glasseramic coatings aNa0O-Ca0-SiO; and SiQ-
Al203-CaONaO deposited on TIMETAL 834 and TAl alloys showed that no
weigh gains occurred and no novel oxide formed on the surface of the coatings. The
glassceramic coatings (Mg&iO,-TiO2, BaO-MgO-SiO,, ZnO-Al203-Si0, and
Ba-SiO;) processed by vitreous enamelling ondhiBAI alloys ensured excellence
oxidation resistance at 800°C up to 1(98],[99].

Both Si0x-B203-Al203-MgO-TiO2-K2O and Si@-BaO-CaOAl20s-TiO2
glassceramic coatings significantly protected from oxidation #WAl alloys at
1000°C up to 25f100].

A SiO2-Al203-Zr02-ZrO-B20s-CaON&O coating deposited on the
Ti24AI14Nb3V alloy improved oxidation behaviour at 900 °C, and showed good
chemical stability and thermal expansion coefficient similar to the substrate.
However, even if spallation or craok were not observed, these glassamic
coatings start to peel off after lotgrm oxidation at high temperatufé01].

In addition, the presence of rather thick coatings made of-géasics oxides
is detrimental for the mechanical properties of titanium aluminides, and this feature
represents the main limit for their practical exploitafioh
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Chapter 2

Experimental part: materials and
methods

In this chapter, the material processing and characterization of samples under
investigation are described. Optical microscopy and Scanning Electron Microscopy
were used fomicrostructure and morphology investigations. Crystalline phases
constituting the alloys and the ceramic coatings were identified bpyX
diffraction. X-ray Photoelectron Spectroscopy and Energy Dispersive Spectroscopy
were used for the chemical charaization of samples. The kinetics of isothermal
oxidation of intermetallic alloys was studied by Thermogravimetric analysis.
Oxidation tests in air were preliminarily carried out in order to check the suitability
of coatings for oxidation protection. Cyajnoxidation of coated and uncoated
intermetallic alloys was performed in Burner Rig apparatus, with the aim of
evaluating the combined effect of oxidation and thersiack. Scratch testing
checked the adhesion of coatings before and after the thermialgcglirner rig
apparatus was used for evaluating the performance of the most promising coatings
under condition simulating the operation of turbine engine components.

2.1 TiAl intermetallic alloys under investigation

Ti-48Al-2Cr-2Nb at.% (Ti33.3A2.7Q4.8Nb wt.%), Ti48Al-2Nb-0.7Cr0.3Si
at.% (Ti33.5AF4.8Nb0.9CF0.2Si wt.%), Ti43.5AF4Nb-1Mo at. % (Tt
28.6Al19.1Nb2.3Mo wt.%) and T47AI-2Cr-8Nb at.% (Ti30.4AI-2.5Cr17.8Nb
wt.%) intermetallic alloys were investigated.

The alloys under investigatichave been produced by electron beam melting.
The general features of Electron Beam Method are presentder 2 of this
thesis, dealing witprocessing and heat treatments of TiAl intermetallic alloys.

The processing paths for the intermetallic ydldnave been well investigated
during the last years and the advancements in this field have been widely reported
in the literature. Also the processing methods of the alloys used in this work as well
as the relevant microstructures have been describsevieral papers previously
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published[18],[19],[20],[21],[102],[103],[104],[105]. For sake of clarity some
basic information on this subject are summarized in the following and references
are given in order to allow the readers to achieve éurdiata.

The chemical compositions of powder alloys (in wt.% and at.%) was checked
by inductively coupled plasma (ICP), while a LECO instrument was used to
measure oxygen concentration.

The Ti48Al-2Cr-8Nb (at.%) alloy was obtained from powder with noati
particle size distribution between 4&m and 18(m (-80/+325 mesh). The
flowability (28+1s) was measured according to ASTM B2 while the ASTM
B212-99 was used for apparent density measurement{@.33g/cni) [20].

A nominal size distribution between 4% and 15Qm (-100/+325 mesh) was
utilized for the Ti48Al-2Cr-2Nb (at. %) alloy. The cumulative gran size
di st r i bu tTiAbpoveder wds olitamed acrording to ASTM B2Q4[18].

In order to produce the -A48AI-2Nb-0.7Cr0.3Si (at.%) alloy, a powder with
nominal particle size distribution betwe¢sum and 18Qum (-100/+325 mesh) was
used (ASTM B214)7). According to ASTM B2133 the Ti48AI-2Nb-0.7CFr
0.3Si powder flowability (381 s) was measured. The apparent powder density was
2.22 g/lcmi (ASTM B212-99) and the alloy density was 3.98 gf¢a®].

TheTi-43.5AF4Nb-1Mo (at. %)alloy was obtained from powdetith nominal
particle size distribution between gk and 145m (-80/+325 mesh)according to
ASTM B21407. According to ASTM B21313, the Ti-43.5AF4Nb-1Mo (at. %)
powder flowability was(27 + 1). The apparent densityvas 2.29 + 0.03g/cn?®
(ASTM B21299) [103].

In order to reduce the amount of defects, as residual porasityrrgorove the
homogeneity, the EBM samples were hot isostatic pressed (HIPed) for 4h at 1260°C
under a pressure of 1700 bar in ar¢o8],[19],[20],[21],[103].

The microstructures of TiAl alloys under investigation after HIPing are
represented ifrigure 42.The microstructures showe r y f i n egramgjui ax ed
all TiAl alloys.
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10 um

Figure42 Microstructures of aEBM processed TiAl alloys after HIP treatment: Ti
48Al-2Cr-2Nb (482-2), Ti-48Al-2Nb-0.7Cr0.3Si (RNT650), Ti43.5A4Nb-1Mo
(TNM) and Ti47Al-2Cr-8Nb (HNb)

The TiAl alloys under investigation were finally thermally treated in a GERO
carbonfree oven figure 43), in order to obtain a balanced set of mechanical
properties.
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high vacuum detector
. high vacuum panel

control panel GERO

tantalum foil

sample

vacuum pump

Figure43 GERO furnace

The electric GERO furnace operates under high vacuurhni@r) or in inert
gas flow (argon) to avoid oxidation. The furnace has a stainless steel double wall,
in order to cool the chamber during the heating by water. A tungsten resjstanc
placed inside the chamber, heats the chamber zone. A molybdenum and a stainless
steel layers insulate the chamber. A thermocouple placed inside the chamber
controls the temperature. During the heat treatment, the samples are positioned on
a tantalum fdj in centre of chamber.

Only few information about the heat treatment of the alloy under investigation
can be given because the exact heat treatments are of industrial interest and
therefore confidential.

Similar heat treatments were adopted fe248and HNb as both of them show
the Utransus temperature at around 129%2C]. Thereforethe samples were
annealed for 2 hours at 1320°C and quickly cooletbton temperature. In this
manner a microstructure mostly constituted by lamellar structure can be obtained.
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Also the thermal treatment of RNG50 alloy consisted in the annealing at a
temperature abovie Utransus. Annealing was performed for 2 hours at 1360°C
as previously reported in the literatit®3].

The heat treatment of TNIYLO3] consisted in an annealing performed just
above theo-solvus, which is ranges around 1240°C depending on the chemical
composition of TNM. After annealing, the sample was quickly cooled to room
temperature thus obtaining a near lamedtaucture.

The optimized microstructures of TiAl alloys under investigation are reported
in Figure 44.

PN
@ .\\\\:\\Q\

Figure44: Optical microscopy images: (afully lamellar microstructuref Ti-
48Al-2Cr-2Nb, a near lamellar microstructuoé (b) Ti-47Al-2Cr-8Nb and(c) Ti-
48Al-2Nb-0.7Cr-0.3Si. SEM imagéd): a near lamellar microstructuoéTi-43.5A
4ANb-1Mo [102].

A fully lamellar microstructure was obtained for4d8AI-2Cr-2Nb (Figure 44,
a). From the literate, the fully lamellar microstructure of TiAl intermetallic alloy
shows the best creep resistarjdg Ti-47AI2Cr-8Nb, TF48Al-2Nb-0.7Cr0.3Si
and Ti43.5A4Nb-1Mo alloys show a near lamellar microstructureg(ire 44, b
and c). The SEM imagine of -Bi3.5AF4Nb-1Mo alloy (Figure 44, d) clearly
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shows manly | amel Jdceorl omiicersgs t rwi @gahudsenmes /gl o
grains localised at the grain boundaries.

2.2 Ceramic coatingdeposition

In order to improve the oxidation resistance of seegewkeration TAl-based
alloys, TaAIN and TiAIN coatings were deposited onr48AI-2Cr-2Nb heat
treated alloy. In this work, the High Power Impulse Magnetron Sputtering
(HIPIMS) process is used for very thin ceramic coatings deposition.

The TaAIN and TiAIN coatingander investigationvere depositelly research
team ( Silvia M. Deambrosis, Monica Fabrizid:nrico Miorin, Francesco
Montagner, Valentina Zin) dflationalResearch Council (CNR) of Italy, Istituto di
Chimica dell a Materia Cong@adCVABE),Gorse di Tecn
Stati Uniti 4, 35127 Padovétaly. Before the coating deposition the substrate was
etched and the resulting roughness was measured at ICMATE by a mechanical
profilometer.The roughnessneasurmens wereobtained according to/NI ISO
4287.

In recent years, the Reactive HIPIMS technology attracted attention as a
promising sputterindgpased ionized physical vapour deposition (PVD) process
suitable for processing thin coatings with improved characterifti@§]. The
HIPIMS is a simple process that combines the advantages of conventional
magnetron sputtering and arc evaporatibacause it produces a highly ionized
dropletfree plasma. In comparison with conventional magnetron sputtering
techniques, the HiIi PIMS plasma <conditions
energetic ionized speci§¢B07].

A most important advantage of the HiPIMS technique is to perform efficient
etching of different substrates, and to deposit several compounds (i.e., oxides or
nitrides)[108],[109],[110],[111],[112],[113],[114],[115],[116]. During the reactive
sputtering a mixture of gases reavigh the target material, and coating can
obtained with different chemical compositifift07]. The HiPIMS technige uses
the fAcool er medmsdhatitne substratetdoes ot suffee taction of
high temperatures during the coating depositidi 7].

In HIPIMS, a fraction of the plasma ions comes from the target material. During
the etching process some of the bombarding metal ions may be implanted into an
intermediate regiofl07]. The highenergy ion bombardment creates a smooth
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surface, which results in good adherence of the coating with substrate. HIPIMS can
cover large areas of a certain amount of micrometres. The film obtained by HiIPIMS
exhibit auniform smooth surface andtte-dense microstructure. In addition, the

Hi PI MS yIl ms can b eshapedsuabstriat¢s@/H[11ln compl e x

The comparison between conventional Magnetron Sputtering and High Power
Impulse Magnetron Sputtering is showrFigure 45.

Iv‘ ; .Iv‘-‘g‘lll ’.; )l‘rl}‘[!i:(:‘ ........ = _
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- Increased plasma density = Very high (10 ™ cm)
— Increased ionization degree —  up t0 90%

Enhanced density,
hardness, and roughness

Figure45: Magnetron Sputtering and High Power Impulse Magnetron Sputtering
schematic processgkl7].

The Figure 45 shows that HIPIMS coating has ukidense microstructure and
a very smooth surface, while a convenéitywgrown coating presents less hardness,
density than HiPIMS film, and shows inhomogeneous microstruftag.

The good quality coating is due to the high ionization factor of the sputtered
surfaces. The electron impact ionization is obtained by the high plasma (electron)
densitieg118]. The ionization fraction in HIPIMS is a function of the peak target
power[119] and the target materifl20]. The sputtering gas influersée plasma
chemistry and ionization during HiIPIMS process. When agaritering gas is
used in HIPIMS the ionization is low if species has a high ionization potential (IPA)
and a low electron impact ionization cresection (Qi). High ionization has bee
found when IPA value is low and materials has a high Qi jallig).
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A summary of some important parametersfierHiPIMS discharge is repode
in Table 2. The plasma parameters are calculated for the dense plasma regions at
the target, where the ionization is the stroh{E36].

Table 2: Parameters for the HIPIMS procg$86].

Parameter Value
Peak power density 10° W cm 2
Average power density 1-10 Wem -
Peak current density 1-10 A cm 2
Discharge voltage 500-1000 V
Pulse frequency 10-1000 Hz
Pulse width 10500 ps
Process gas pressure 10107 Torr (0.1-1 Pa)
Magnetic field strength 0.010-0.100 T
Electron density 10"¥-10" m™
Electron temperature 1-5eV
lon energy (average for metal ions) 20 eV
Debye length 10°°-10 " m
Electron gyroradius 1010 " m
lon gyroradius 10 "' m
lonization mean free path 10 *m

The variation of the deposition parameters permits to control the energy of
HiIPIMS deposition, ad allows the manipulation of film properties (mechanical,
optical and electrical)106]. During the film growth, the bombarding energy, the
ions flux, the flux composition and the incidence angle of flux affect the plasma
film interface[121], [122]. The high pulsed ion flux parameters determinate the
efficiency of the moment transfer to the film atoms and influence the growth and
microstructure of filn{123]. Another characteristic of HiIPIMS is the posstito
increase the plasma density in front of a sputtering source in order to decrease the
mean ionization distance for the sputtered partid6g]. The increase in plasma
density is simpt achieved by applying a high electrical power in pulses with a low
duty factor (low ratio pulse on time/cycle tinj@é)L4],[107]. In addition, in order to
obtain a novel structure of film with superior proper{es5], the HiPIMS allows
to control the direction of the deposition fl[&24].
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In this work a reactive HIPIMS (TRUMRPRUttinger, True Plasma High Pulse
4002 power supply and 18 kW model 3018 HBP bias unithbtirg, Germany) was
used for coatingleposition Figure 46).

This apparatus is available at the laboratoriedlational Research Council
(CNR) of ITtaly, dAlstituto di Cheper ca del | ¢
| 6Energiao (I CMATE), Corso Stati Uni ti 4,

Reactive
Deposition

Figure46: (a) HiIPIMS apparatus, (b) HiPIMS chamber, (c) Plasma Etching, (d)
Reactive Deposition

Before the coating deposition, thed8AI-2Cr bars (about 28,m of diameter)
obtained by EBM process and successively heat treated, were cut in order to obtain
the cylindrical specimen (about 20 mm high).

In order to avoid thecutting defectsthe upper surface of cylinders was
metallographically polished toaimd i amond yni shi ng.

All samples were ultrasonically cleaned in alcohol bath for 20 min.

After the surface preparation described above, three differefitgatenents
were used for TiAIN cating deposition. The piteeatmentparameters are shown
in Table 3[107],[125]. The roughnessesuling from surface preparation of the
substrate is reported Trable 4. The three roughnegsofiles (Ra) ofthe surface of
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sample differently treatedbefore coating depositions are shownHFigure 47,
Figure 48 andFigure 49.

Table 3: Substrate préreatment for TIAIN depositian

Substrate pretreatment TIAIN1 TIAIN2 TIAIN3

Ultrasound cleaning in yes yes yes
alcohol bath

HIPIMS plasma etching no 60 min 10 min
TiAl interlayer no no yes
deposition

Table 4: Average superficial roughness (®eforethe coating deposition

Sample Etching Interlayer average Susp:ciaiiril) roughness
TIAIN1 no no 0.014+0.001
TIAIN2 60 min no 0.04+0.02
TIiAIN3 10 min yes 0.012+0.002
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Figure47: Roughness profile of TIAIN1 sample surface before coating depasition
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Figure48: Roughness profile of TIAIN2 sample surface before coating depasition
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Figure49: Roughness profile of TiIAIN3 sample surface before coating depasition

In case of TIAIN2 specimens, the sample surface was plasma etched for 60
minutes. HiPIMS etching conditions were: Ti0.5Al@&thode, average power 100

W, bias voltageTl 12 020nbav, frequency 500 lzsarsdpulse 1 .

length 25 pg4107], [125]. The HIPIMS plasma etchirggmed at the removal of the
natural oxide layefl16] and improving the adhesi¢hl0],[126].

The TiAIN3 surface was plasma etched by Argon ions for 10 minutes (the same
etching condition of TIAIN2) ath subsequently coated with a TiAl interlayer. The
TiAl interlayer was deposited by using a TiAl targEtAl atomic ratio 1:14 nj i n

di ameter, 6 mm thick, and 99. 9% purity)

cathode. The substrates were placed 100 mm below thedaybeated up to 400
°C. The TAl interlayer deposition was performed under the following conditions:
mean cathode power density 12.5 Wicmmean cathode power 1000 W, pulse
l ength 25 es, frequency '25mMd, substrate bips s
vol t age osHdh duvation tideip The TAl interlayer was expected to
improve the quality of the TiAIN coating.07], [125].

Ar

y >
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The TiAIN coating deposition was perfoed in a highvacuum chambebg@se
pressure lower than 1x10mbar). The inert gas (Ar, 99.9997% purity) and the
reactive gas (N, 99.998% purity) were passed through dedicated pmass
controllers. The pressure of sputtering gas mixture (50%Ar +50%N) was set at
1x10%2 mbar. A TiAl target (Ti0.5AI0.5 99.9% purity) was used for TiAIN
deposition.The substrates were placed 100 mm below the target and heated up to
400 °C. Other importah HiIPIMS conditions for TIAIN deposition were: mean
cathode power 1000 W, mean cathode power density 12.53\faise length 25
es, frequency 500 Hz, deposhientduradiand80iminas v ol t
[107], [125].

In the Table 5 the thickness oTiAIN coatings meaured by Calo testdat
ICMATE) are reportedThese thickness values weatsomeasured on the cress
section of the specimeryy SEM and by FIB/SEM (at University "Roma Tre",
Engineering Departmentn the frameof a joint research project funded by the
Italian National Research Coungilltalian Ministry of Economic Development
agreement fARicerca di).Sistema EIl ettrico Ne

Table 5: Thickness of coatingmeasured by Calo tester

Thicknessof coatings

sample (um)
TiAIN1 2.19+0.03
TIAIN2 2.13+0.04

Coating 2.12+0.06
TIAIN3

Interlayer 0.30+0.02

The crosssectiors of these coatingare showrin Figure 50, Figure 51, Figure
52 andFigure 53.
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UniRoma Tre - LIME

Figure50: Crosssection of TIAIN1 sample

Figure51: Crosssection of TiAIN2sample
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UniRoma Tre - LIME

Figure52: Crosssection of TIAIN3 sample

The microstructures of TIAIN coatings aaksoshown inFigure 53,

The TiAIN1 coating showed good compact microstructure without defects.
The TIAIN2 coating exhibited TiAl lamkar microstructure, probably due to very
long ions etching (60 min) before the coating deposition. The TiAIN3 coating
showed veryoft lamellar microstructure.

All TIAIN specimens were aboui®n thick (Figure 50, Figure 51, Figure 52
andFigure 53).
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Figure53: SEM imaginesMicrostructures of TiAIN coatings (poand cross
section).

Also a TaAIN coating was deposited on theface of Ti48Al-2Cr-2Nb heat
treated alloy.

The HiPIMS parameters used for TaAIN deposition are summariZédhie
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Table 6: Parameters for thEaAIN HiPIMS deposition

Ultrasound cleaning yes
Substrate
pre- HiIPIMS plasma etching (min) 10
treatment
TaAl Interlayer yes
Mean cathode power (W) 500
Mean cathode power density (W/&n 6.25
Puse | ength | 25
Eilm Frequency (Hz) 500
deposition
parameters Gas Ar + N2 (50%)
Ta and Al targets Ta+Al (50%)
Pressure (mbar) 1x 102
Substrate bias voltage (V) 1100
Duration (min) 130

The microstructure of TaAIN coating is showrFigure 54 and crosssection
of TaAlIN is reportedn Figure 55. The TaAIN coating was homogenous and did
not exhibit any defect.
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Figure54: SEM image of TaAIN coating microstruceu

Figure55. SEM crosssectionof TaAIN coating






















































































































































































































































