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Introduction

1 Introduction

Within the last hundred years the global air terapge near the Earth’s surface has risen
by 0.74 °C [1]. Most scientists agree that the ntainse of global warming since the mid-
twentieth century is the increase in anthropoggnéenhouse gas emissions. One of the
most important sources for these emissions is tmbastion of fossil fuels [2]. Apart
from the development of new and environmentallgrfdly concepts for power generation,
existing technologies have to be improved to alfowa more effective and sustained
utilization of fossil fuels with concomitantly reded greenhouse gas emissions. This effort
requires new developments in all fields of engimggrbut will ultimately lead to the
demand for new material design and application eptsc

Aviation is estimated to account for 3.5% of th&at@nthropogenic climate change [3].
Although aircraft are today more than 70% more feificient per passenger-kilometer
than 40 years ago, improvements in efficiency ditmhal 40 to 50% are anticipated by
2050 [3]. This progress can only be realized byekiensive application of new materials

in aircraft design.

Replacing heavy steels or Ni-base superalloysroradt turbines gives rise to tremendous
weight savings, and thus increases in turbine ieffcy. Possible replacement candidate
materials are titanium-aluminum alloys based onititermetallic gammayj —phase, so
calledy-Titan-Aluminides ¢TiAl). This class of alloys offers a 55% lower sgiE-mass
and a 50% higher specific modulus and density-aejustiffness as compared to currently
used materials [4]. Thereforg TiAl is going to be used in next generation aifcesngines
and flight tests are currently undertaken witiAl blades installed in the low-pressure

section of a turbine [5].

Microstructural control ang-TiAl alloy modification would allow for an applit@n at

temperatures up to 850 °C, however the poor long-texidation and corrosion resistance
as well as limited wear and erosion protectioneatperatures above 750 °C prohibit a
wider utilization. As a consequence, coating systérave to be developed that provide
efficient environmental protection and thermal lason over the anticipated component

lifetime.
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Such coatings can only be realized on a basis ofvladge related to the synthesis-
microstructure-property interplay and to the fundatal phenomena and pathways of
structure formation in the selected coating maleriBherefore the aim of this thesis is to
develop innovative coating systems, which can plevan effective and sustained
protection fory-TiAl, to identify optimal film compositions and pcessing routes, and to
assess the interaction between the coatingsyahidl. In accordance, two inherently
different systems, a metallic coating based onrte¥metallic AbAu phase, and a ceramic

transition-metal Ti-Al-N based film, were chosen éievelopment.

Metallic coatings based on intermetallic Ni-Al ot-A phases have been successfully
established in the surface protection of Ni-bageerlloys [6]. Also, bulk Al-Au has high
oxidation stability [7, 8]. Moreover, with their gtinct coloration Al-Au coatings can be
used as signal layers in critical components, whwould optically indicate the need for
refurbishment or the endpoint of utilization.

Due to their excellent ability of protecting comgoits from corrosion and wear, Ti-Al-N
coatings have found their way into a wide rangeapplications [9]. Alloying reactive

elements such as yttrium is suggested to furtherome mechanical properties, oxidation
resistance and oxide scale adherence of bulk amtingomaterials [10-12]. Thus, the
influence of varying amounts of the reactive elemgnon structural, mechanical and

protective properties of monolithically grown Yirs/estigated in detail.

The following chapters of this thesis provide a mary of the research activities and give
an introduction into the used deposition and amslyechniques. Further, they contain
results which are not included in the main expenitakresearch outlined in the scientific

publications presented at the end of this work.

Detailed results of microstructure and mechanicaperties, as well as of the thermal
stability of Al-Au coatings are presented in pubtion | and Il, respectively. In
publication Il the oxidation resistance of the Al films is discussed. The influence of Y
addition on microstructure and composition of JAl«N is presented in publications IV.
Publication V demonstrates that single-phase c{ibicAlx)1,YyN coatings can be grown
by bipolar pulsed DC magnetron sputtering, andirtflaence of pulse parameters on the
plasma, and film microstructure and mechanical @rigs is described. In publication VI
the influence of coating and oxidation on the 4apdiending strength of & TiAl based

alloy is investigated.
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2 Gamma-Titanium Aluminides

y-TiAl based alloys exhibit numerous attractive s which can fulfill the demand in
advanced energy conversion systems for improvadiesity and ecologic compatibility
through higher service temperatures, lighter weightl higher operation speeds. Among
these properties are the low densjiy~3.8 g/cn), high specific yield strength (RFP),
high specific elastic modulus &/ and good creep properties up to high temperafli®
14]. y-TiAl alloys of engineering interest are composédwmn intermetallic phasegTiAl
(ordered face-centered tetragonalpldtructure) andx,-TisAl (ordered hexagonal D@
structure). The ductility and strength of two-plahgeliAl based alloys are controlled by
the composition and microstructure [15]. Room terapee ductility varies with the Al-
content and has a maximum around the two-phase asitiym Ti-48Al (in at.%).
Thereforey-TiAl alloys of engineering interest are commongsbd on Ti-(45-48)Al [15,
16]. Cr, Mn, and V, can further increase the ditgtdf y-TiAl [17]. Better creep resistance
through solid solution strengthening and oxidatoatection is achieved by alloying Mo,
W, Ta, and/or Nb [16-18]. Additions of B, Si, andy&ld precipitation hardening and
improve high temperature strength and creep remistd19, 20]. Consequently, the

composition of current-TiAl based alloys can be expressed as follows 213,
Ti — (45-48)Al — (1-4){Cr, Mn, V} — (1-10){Mo, W, &, Nb} — (0-1){B, Si, C} (in at.%)

The microstructure and consequently mechanical gotgs of two-phaseg-TiAl based
alloys may be adjusted within wide limits by appiafe heat treatments and
thermomechanical processing. These microstrucanmeslassified intaluplex consisting
of a mixture of equiaxeg-TiAl and lamellar grainspearly-lamellar composed of finely
dispersedy-TiAl grains in a lamellar grain-matrixtully-lamellar, which has a coarse
microstructure of grains or colonies of alterng{BiAl layers anda,-TizAl platelets in a
defined crystallographic relation, amg¢ar-gammashowing fine equiaxegTiAl grains

with dispersedi,-TisAl particles on theg-TiAl grain boundaries [15].

Within this thesis, coatings were deposited on tifferenty-TiAl based alloys, Ti-45AI-
8Nb and Ti-47Al-2Cr-0.2Si. The former belongs te ttlass of high Nb containing so-
called TNB-class alloys [22]. These alloys havddysrengths (&.o) of up to 1000 MPa
combined with plastic strains of ~2% at room terapge. Further, they show good
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oxidation resistance and can subsequently be apppeto temperatures of 700 °C [21].
The typical microstructure of the Ti-45Al-8Nb allog presented in the polarized light
micrograph in Fig. 2.1a. The TNB alloy has a vengfgrained near-gamma structure. The

average grain size is 5 um.

The Ti-47AI-2Cr-0.2Si alloy exhibits a high roomntperature ductility and excellent
superplastic properties at elevated temperatureseMer, due to the absence of Nb, Ta, or
W the inherent oxidation resistance is poor [23k Sshown in the polarized light
micrograph in Fig. 2.1b this alloy has a fine-geinnear-gamma microstructure with an

average size gfgrains of ~20 pm.

Generally it has to be remarked that the microstirecof the TNB alloy represents the
material in the as extruded state, whereas the/Al-2Cr-0.2Si sheet has a microstructure
as presented at the end of the processing route.

Fig. 2.1. Polarized light images of the typical mogtructure of Ti-45AI-8Nb (a) and Ti-47Al-2Cr-0.2®)
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3 Coatings

Inherent properties of titanium based intermets|litke the low ductility at room
temperature, as compared to superalloys or stedsthe high diffusibility of Ti, requires
the development of innovative, new and tailor mpa®ective coating systems. Attention
needs also to be paid on the coating process @setffterdiffusion during high temperature
application could lead to intolerably high decreasey-TiAl mechanical properties [23,
24].

Two coating systems, developed and investigatetinvihis thesis, are presented in the

following.

3.1 Metallic Films

Surface oxidation and corrosion protection of Nsdxh superalloys through the formation
of intermetallic compounds from the Ni-Al, Cr-Al oPt-Al systems have been
commercially viable processes for many years [@§oAbulk AbAu is reported to be fairly
resistant against oxidation [7, 8]. Therefore, flfrom the Al-Au system are also intended
as protective coatings. Further, due to their nicstcoloration, Al-Au coatings can act as
signal-layers, marking the threshold for componefurbishment or the end of tool
lifetime. Showing a reflectivity minimum at a waealpth of 545 nm, AAu is magenta-
coloured but depending on the Al/Au ratio the coédion can be adjusted between pink
and dark-purple [26, 27].
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Fig. 3.1. Al-Au binary system [25].The coatingspaeed with Al/Au ratios of 4.3 (A), 2.8
(B), 2.0 (C), 1.9 (D), and 1.8 (E) are indicatedlgfcation I).
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The Al-Au system was first investigated and desddilas early as in the year 1890 by
Roberts-Austin, who described the colouredAl phase and its high melting point [28].
Later, the system was investigated as compoundafitom in Al-Au bonds resulted in

microelectronic component failures [7, 29-33].

According to the binary phase diagram, presentellign 3.1, AbAu has a homogeneity
range between 32.9 and 33.9 at.% Au at room teriyyerand a melting point of 1060 °C.
Al,Au crystallizes in the face-centred cubic (fcc) €affucture in which Al is located in
the tetrahedral sites of an fcc unit cell formed Ay atoms (see Fig. 3.2a). As it was
demonstrated in publication | by ab initio modadliaf the electron density distribution in
Al,Au lattice planes, this intermetallic belongs te #alt-like Zintl phases with Al atoms
acting as anionic compounds by building a sublativbich occupies the valence electrons
from Au atoms acting as cations [27, 34]. As shawRig. 3.2b, between the Al atoms a
typical metallic electron density distribution igepent, where valence electrons are
delocalized in a nearly free and uniform electr@s.gn contrast, the Au atoms show a
mixture of ionic and covalent binding charactershwsemi-localized electrons gathering
between the Au atoms. In the Al,Au-(110) lattidarg a mixture of metallic, ionic and

covalent bindings is present.

(b)

Fig. 3.2. (a) Schematic of the Gadtructure of AJAu indicating the Au-(100), Al-(100
and Al,Au-(110) crystallographic planes for the @)initio calculated electron density
distribution (Publication | [27]).

Within the Al-Au system five coatings with varyi#d/Au at.% ratios of 4.3, 2.8, 2.0, 1.9,

and 1.8 are investigated. Their composition acogrdo the binary phase diagram is
shown in Fig. 3.1. These films exhibit strong diffleces in their microstructure and hence
mechanical, thermal and oxidation protective progsr despite the majority phase in all

coatings is AJAu. The investigations of the single phase inteatlietAl,Au films reveal it
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with superior structural and mechanical charadiesisand with better oxidation and
corrosion resistance compared to the coatings gawigher Al or Au contents. Further
details on the investigations of the Al-Au filmsegsresented in publications I, I, and 1lI
[27, 35, 36].

3.2 Nitride Films

Thin films of metal nitrides find widespread applion as selective transmission coatings,
diffusion barriers in microelectronics, hard weasistant coatings on cutting tools, or as
corrosion and abrasion resistant layers on opéndl mechanical components. Especially
transition metal nitrides are utilized as their@fie bond structure of covalent, metallic,

and ionic components is responsible for their dgoébproperties [9, 37].

Transition metal nitride coatings started theirusitlial applications about thirty years ago
with binary systems like TiN or TiC. Both coatinlgave been studied extensively and are
still heavily applied today. However, these binargge a basis for the development of
advanced ternary, quaternary or multi-nary filmschtentered industrial application in the

early 80s.

3.2.1 Ti-Al-N

With the addition of aluminium to TiN a ternary; JAIN coating was introduced which
exhibited excellent machining performance due t kitter oxidation resistance, higher

hardness and improved thermal stability as comparddN [38, 39].

TiN crystallizes in the face-centred cubic Bl radkgNaCl) structure, while AIN is
hexagonal B4 wurtzite (ZnS) structured [9, 40].thermodynamic equilibrium the solid
solubility of AIN in TiN is small and reaches oni¥p mole% at 2750 °C. For higher AIN
fractions at lower temperatures the equilibrium position consist of cubic TiN and
hexagonal AIN [41]. However, the extremely high log rates of ~18° K s, as well as
the limited atomic assembly kinetics during low-pErature plasma-assisted vapour
deposition (as described in Chapter 4) allow thhen&dion of supersaturated solid-solution
Ti1AIN.

Vapour deposition phase fields for a range of psduidary nitride systems including TiN-
AIN were first presented by Holleck [41], who pretid a stability regime in terms of
temperature and AIN content at normal vapour déjoostemperatures (300 — 700 °C).
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Fig. 3.3 presents the structural evolution of Al N along the pseudo-binary TiN-AIN tie
line. Substitution of Ti atoms with Al atoms in tfee B1 structure of TiN results in solid-
solution cubic Ti,AlIxN. As a result of the substitution, the TiN lattiparametera
decreases from 4.255 to 4.146 A fop FhloeN due to the smaller size of Al atoms as
compared to Ti [9, 42-44]. The maximum solubilityit within the cubic NaCl structure
strongly depends on the deposition conditions EXperimental investigations indicate a
maximum solubility 0/<65 mole% AIN in fcc TiN [42, 45-48]. Both thermodymic and
ab-initio calculations predict a critical AIN valud ~70 mole% [49-51], and Ref. [44]
reports that the metastable phase stability ligt lbe varied between 65 and 75 mole% by
altering the Al distribution in the metal sublagtidHence, mechanisms that influence the
Al distribution during growth will also influencéé¢ metastable solubility limit. Generally,
with deposition techniques that involve high ioniaa rates, like arc-evaporation [43, 48,
52] or arc-ion-plating [46] cubic TiAIN coatings with higher AIN mole fractions can be
synthesised as compared to conventional magngbudtesing [45, 53].

NaCl - cubic (fcc) Wurtzite - hexagonal
o
@ Ti N
© Al =
® N é
. £
TiN —» Al content ~0.65-0.75 AIN

Fig. 3.3. Structural evolution along the pseudaahbjrtie line TiN-AIN, analogue to [54]. The transit zone
cubic TiN to hexagonal AIN is indicated by the gemga defined as described in literature [42, 44548

Exceeding the metastable solubility limit resulistiie formation of a mixed cubic-NaCl
and hexagonal-ZnS structure [42, 44-48, 51]. Abaveansition zone, presented in Fig.
3.3, single-phase solid-solution hexagonal ,AixN forms, where Ti atoms substitute for

Al in the ZnS-wurtzite unit-cell.

In correspondence to the structural evolution thectmanical, thermal and oxidation
protection properties depend on the Al content. Jiestitution of Ti in the TiN phase by
Al results in solid solution hardening (see Chafiet.2). Therefore, hardness values
increase from 20-28 GPa for TiN to 30-35 GPa farAlxN with compositions close to

the metastable solubility limit [42, 46, 52]. THastic modulus exhibits a similar trend and
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increases with increasing Al content. Exceedingrttegastable solubility limit where the
hexagonal phase is formed usually results in aedser in hardness and modulus due to
intrinsically lower mechanical properties of thenxite-type phase. Hexagonal AIN has a
hardness below 20 GPa and modulus of ~190 GPa#M 26, 47].

Owing to the formation of a protective 28 or TiyAlyO, layer the oxidation resistance of
fcc-TiAlIxN is increased to above 750 °C as compared to <60f@r TiN [42, 55-59].
The oxidation resistance also depends on the Al ifinaction and can hence be increased
with increasing Al content [42]. Mcintyre reportetla layered oxide scale consisting of an
outer ALO3 scale and an inner TjOayer [60]. As oxidation is a time and temperature
dependent process (see Chapter 7.1.3). The longédridation behaviour of TLAIN is
comparable to bulk Ti-Al alloys. At the initial gfas of oxidation a bi-layered oxide scale
is formed as described by Ref. [60], however witbréasing oxidation time outward
diffusion of Ti leads to the formation of a muléiylered scale consisting of a outer FiO
layer and an open and interrupted@d scale underneath, followed by a mixed@d +
TiO, zone [61, 62]. The afore-mentioned case repredenigever the simplest example
and more complex oxide scales can form dependingthen alloy system and

time/temperature regime.

In Ti;AlxN the oxidation behaviour changes when the met@ssdubility limit of AIN
is exceeded. As soon as the hexagonal phase i®edorno layered oxide structure is

observed. The oxidation resistance is reducedsandmparable to binary AIN [62-64].

3.2.2 Ti-Al-Y-N

Alloying yttrium can increase the oxidation resmta of bulk materials and coatings as it
positively influences oxide scale adherence angaup the formation of a stable and
dense oxide scale [65, 66]. Reactive elements (RE}h as yttrium, act as oxygen active
ions and segregate to scale grain boundaries dsasvéd the metal-oxide interface due to
the oxygen gradient across the scale. The segoeg&tithe metal-oxide interface inhibits
interfacial void growth and is therefore improvitige oxide scale adhesion. Outward
diffusion of RE ions to scale grain boundaries prég outward cation transport and
consequently slows down the oxide scale growth 121 66-70].

For Ti containing coatings improved corrosion- andldation resistance as well as grain

refinement was reported when yttrium was alloyed] [A1, 72].
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The systematic investigation of the impact of iasiag amounts of Y addition on
structural, mechanical and protective propertiedighsAlosgN coatings was one of the
major tasks within this thesis. It is shown that #ddition of Y to TiAlxN decreases the
metastable solubility limit of the cubic NaCl sttue. Therefore, DC magnetron-sputtered
single-phase cubic-JisAlgs9N coatings develop a mixed cubic/hexagonal micuastire
when 2-5 at.% Y are added, as shown in Fig. 3.tayg 9 at.% Y to the metallic sub-
lattice results in the formation of a predominartéxagonal (TixAlx)1.yYyN coating [73].
These experimental results are confirmed by alwimialculations, as detailed in chapter
5.3.1. Consequently, with increasing ZnS-wurtzibage fraction, mechanical and thermal
properties as well as the oxidation resistanceecdeer.

o C—Ti0_5A|D_5N Q W-Ti0_5AIO.5N

ol
A
i
i

9at%yY

R | il p—
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R T
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il S } H H ‘ | HiHE
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Fig. 3.4. X-ray diffraction pattern of as-deposit@d,..Aly):.,Y,N films containing y =

(Tio.asAlosN), 2 (Tip.aAlos6Y 0.0N), 5 (Tig.adAlo52Y0.09N), and 9 at.% Y (TizeAlo.s3Y 0.0dN)
in the metallic sublattice (Publication IV [73]).

Yet, when films with y = 2 at.% Y are prepared bipdbar pulsed DC magnetron
sputtering, as described in chapter 4.3.2, singkese NaCl cubic (ThAlx)1yYyN coatings
can be synthesised [74]. These coatings combinexhellent mechanical properties of
cubic-Tip45Alp 59\ with improved oxidation resistance through theactee element

yttrium.

Further details on the influence of Y and the démws technique on mechanical and
thermal properties are explained later in this ithaa chapters 5.2, 6.2 and 7.2,
respectively. The investigations on {JAly).1.yYyN are furthermore discussed in detail in
the publication IV and V.
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4 Coating Synthesis

4.1 General

Depending on the application of the coated produetjde variety exists for the formation
of overcoats, films, or thin layers. Protective dngh temperature resistant coatings are
typically applied by thermochemical processes, [eek-cementation, mechano-thermal
processes, like thermal or plasma-spraying or leyrstal or physical vapour deposition.

In the pack-cementation process components areegdoka mixture of coating material,

inert powder, e.g. aluminium oxide, and halide saltsealed retorts and heated in
protective atmosphere inside a furnace. At a gieemperature the coating material reacts
with the salt to form a metallic halide vapour, athiforms the transport species. At the
substrate surface the gas decomposes to form #imgdy releasing the halide activator,
which can then restart the process cycle. Typmaperatures where the modified surface

zone forms range from 700 to 1000 °C over a pevicgkveral hours [75, 76].

Thermal spraying processes are based on the gerdafipeating and melting a rod, wire or

powder stock, accelerating it by a high velocityeatn of compressed air or other gases,
which propel the material onto a pre-treated andetomes heated substrate [77-80]. The
plasma spraying process uses the heat of an e.gladma (chapter 4.2), created by an
electrical arc between electrode and nozzle, td thelcoating species. Here a plasma jet
emanating from a plasma torch is used to boosmterial towards the substrate [80-82].
The particles there deform and freeze, creatingyaréd coating which is commonly,

rough and porous.

Vapour deposition processes like physical vapomosdigion (PVD) and chemical vapour
deposition (CVD) find widespread application rarggfrom the growth of semi-conductors
in the micro-electronics industry to the formatiaf hard, wear resistant films on
machining tools and components and are used inspa&ce and automotive industry.
Vapour deposition processes operate over a wide oagressures and temperatures and
are characterized by a solid reaction product whiatleates and grows in an environment

where vapour phase reactions occur.

In CVD processes the coating material is grown fgaseous precursors which chemically

react and dissociated at the substrate surfaceriregjinigh thermal activation energies

Martin Moser 11



Coating Synthesis

with usual temperatures above 900°C. One of the ingsortant advantage of the CVD

process is to allow for deposition of geometricalgmplex components and large
capacities. The drawback however is that the satestras to endure the high deposition
temperatures and the coating material varietymgéid to the availability of precursors and

chemical reactants [83-85].

In PVD processes metals, alloys or chemical comgswamne evaporated in vacuum from a
solid through thermal energy or particle bombardmadditional elements or compounds
can be introduced in the gaseous state, suchy,al,0Oor CH, forming reaction products
like oxides, nitrides or carbides in the so-caltedctive-PVD process. After transport of
the vapours, condensation, and film nucleatiorhatdubstrate take place [86]. Allowing
substrate temperatures from lower than 100 to ab0@e°C, and enabling the depositing
of any metal, alloy or compound and a wide rangsutsistrate materials, from polymers to
metals and ceramics. Hence, the PVD process isragty versatile and superior to any
other deposition method [84, 85].

PVD processes are classified in two general caegoevaporation and sputtering. In the
evaporation process the material is vaporized ghm kiacuum from an evaporation source
by resistance or inductive heating, electron belasers or arc spots. Depending on the
evaporation method, a range of energy and ionizasiates of evaporated species is
obtained [86, 87]. The sputtering process is basetthe ejection of the deposition material
from a source, i.e. by energetic particle bombartmaAll coatings in this thesis were

deposited by the sputtering process; therefosedescribed in more detail in chapter 4.3.

4.2 Plasma
4.2.1 Fundamentals and Characteristic Parameters

A plasma -considered as the fourth state of maisedefined as a quasi-neutral gas of
charged and neutral particles characterized by lective behaviour. Plasmas are in
average electrically neutral but exhibit a high temof charged species, therefore they are
called quasi-neutral [88].

In a plasma, the motion of charged species caused toncentrations of positive and

negative electric charges. These charge concaigatireate long-range Coulomb fields
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that interact and affect the motion of particles alistance from the charge concentration.
Therefore, elements of the plasma affect each o#ven at large distances, leading to the
characteristic collective behaviour of a plasma].[88n electron has a much higher
velocity than a charged atom. Consequently, ifdghieran electrical field in a plasma,
electrons move quickly in response to negate #id.firhe response of charged patrticle to
reduce the effect of local electrical fields isledl Debye shielding and the distance of

which the charge would be neutralized is descrlpethe Debye lengtiip [88, 89]:

/5 Ok, [T
/]D = —On a}z e , (4-1)

where & is the vacuum permittivitykg is the Boltzmann constard,is the electron charge
andne is the electron density. The electron temperafurepresents the mean translational
energy of electrons in a plasma [88]. In a firspragimation the kinetic energies of
electrons and ions have Maxwellian distributionselo the different kinetic energies of
the plasma species, a plasma can have several regomes at the same time. At low
pressures an applied power preferentially heatsrbkile electrons, whereas heavy ions
effectively exchange energy by collisions with beekground gas. Hence, the Maxwellian
distribution of electrons is much different frometlon distribution ande >> Tiq, (the ion
temperature). As the electron temperature is mughehn than the temperature of ions, or
the gas, the plasma is not in a thermodynamic ibguin, and the overall species
distribution is best described Ay. Electrons have a very low heat capacity and ted h
transfer of electrons to neutrals, ionized particter the surrounding walls of the vacuum
facility is small. Therefore, these non-thermodyrmamquilibrium plasmas, as they are
typical for PVD processes, are also terngettl plasmasin our case the plasma is excited
and sustained by direct current (DC) voltage apdbetween two electrodes, the target and
the substrate. After a gas-species-specific thitdsbaization-potential is surpassed, a
glow discharge plasma is ignited. Thus, the knowsclthrge-voltage current characteristic
is formed with the regions of Townsend-, normalgn@mal-, and arc discharge.

Sputtering takes place in the abnormal dischaegé [B8-90].

The plasma, i.e. partially ionized gas, is compaseespective densities of electroms)(
ions (), and neutral gas atomsg)( and due to the averaged neutrality= n;. The
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parameter, that describes the density of the cdapgeticles in a plasma is the degree of
ionizationf; and defined as [88, 89]:
f=_ ol 4.2
Thon+ng (4.2)
In glow discharges of thin film processes typicalues forf, are ~10". With a PVD typical
gas densityn, of 10 cm®, ion and electron densities are usually= n; ~ 10*° cm®.
However, high density plasmas like in a magnettdfinear a magnetron can redcbf
~102 or higher [88-90].

When an electrically isolated substrate is inseitéd a plasma it will be struck by
electrons and neutrals with their respective chéirgees J. andJ;. Due to their different
velocitiesJeis much higher thad; resulting in a negative charging of the substratethe
substrate charges negatively, ions are attractddebattrons are repelled, until a state of
equilibrium is reached. The resulting potentialstiod isolated substrate and within the
plasma are termed floating potentidland plasma potentidl,. The plasma potential is
usually more negative by several volts than thatiihg potential. Practically, for isolated

substrates this means that the ions are attrastdtetsubstrate by the potential difference

of Vp-Vi and hence the ion ener@y impinging on the substrate i§, =qvp —Vf‘. Only
those electrons with enough initial kinetic enecgy hit the substrate [81, 88-91].

The above described parameters and details of plasenof course only brief examples
which allow a better understanding of the plasmaratterization and the magnetron
sputter process detailed in the following.

4.2.2 Plasma Characterization

Langmuir and co-workers were the first to study mgmena in a plasma in the early
1920’s, and it is said that it was Langmuir whd. 829 used the term “plasma” for the first
time [92, 93]. Therefore a method to determine irtgpt parameters of a cold plasma like
ni, Te, Vp, andV;, andAp is named Langmuir measurement. Except from thegiranr
probe itself, which is placed into the plasma, dh@ngement needs careful shielding and
insulation against additional charging. In ordefullil correct measurements a probe has

to comply several specifications [88, 94, 95] :
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- the plasma region has to be significantly largantbne Debye length to sustain the
quasi-neutrality.
- the ion to electron temperature ratio has to beecto zero meaning that the ions are
at room temperature and single ionized.
- the ion and electron mean free paths should beegré@an the probe radius or the
Debye length to ensure the probe-plasma situasianllisionless.
- the probe surface has to be much larger than tHeyedéength but very small
compared to the plasma region to minimize the péadisturbance.
- the insolating material of the probe has to be cbalhy inert and should have a
small sputtering yield. Usually refractory metaleg are utilized.
The set-up of a cylindrical Langmuir tungsten warebe as used in this thesis is shown in
Fig. 4.1.

i probe tip _
g:gﬁgpm\g assembly ceramic tube
' /
L \t 1
10 mm

\

I t t I central conductor
sputter flux
| | Vpr
Fig. 4.1.Schematic of the Langmuir wire probe assgmsed in this work [96].

Generally, in a Langmuir measurement, a probe gelt%, is applied relative to the
ground, and the responding probe curighimeasured. A$p, is the sum of the ion and
electron current|p=liontle, the Langmuir current-voltage trace has a charatite non
symmetrical shape, as shown in Fig. 4.2, comprigetree distinct regions. At a negative
probe potential as compared g less electrons reach the target and mainly pes$jti
charged ions are collected. Consequently this@eat the I-V trace is calledositive ion
current region At a positively biased probe, as comparejoonly the flux of negatively
charged particles, i.e. electrons is collected andent saturation occurs. This area is
calledelectron saturation regiarWwhenV, is less negative than the applied potent/al>
Vor, the probe collects only electrons with energsggé enough to overcome the potential
barrier. Thus, in this transition region, the praherent is the sum of electron and ion
saturation currentlp=letlis. From this regionTe can be determined as helg is

proportional to

Martin Moser 15



Coating Synthesis

0 Sl (4.3)

With le=Ipis, Te is calculated from the slope of the linear regibran In(e) vs. V,, plot
[88, 94, 95], see insert in Fig. 4.2. Whénis determined, the ion flux density;)(and
consequently the ion densitycan be calculated by [97, 98]:

Ji - Iis andJi :ni @
elA 2mrm

: (4.4)

where A is the surface of the cylindrical Langmuir prolfe € 4.7 mni) andm is the
absolute ion mass. The plasma potentjatan be obtained from a semi-logarithmic plot of
In(l,r) vs. Ve and is the intercept of the extrapolated linegram of the curve at low probe

current with the tangent to the plot in the electsaturation region [97, 98], see insert in
Fig. 4.2.

1074 electron saturation region
z S T8
£ 5
H o —
:f transition "? <
§s 16 E
3 | _ § > e
-;-; | : plasma potential, Vi, q‘:}. l-? .‘Q_
g 10" < ~
(+]) et
44 g
; o
45 40 5 0 5 10 15 -9 =
% =
probe voltage, Vp, (V) 9 o
S plasma +2 o
floating potential, Vy =~ /potentlal, Vp -g
c -+
o s
< o
. — 0
ion saturation region
T

100 -80 -60 -40 20 O 20
probe voltage, Vp, (V)

Fig. 4.2. Current-voltage trace measured with aeHiESP Langmuir probe used durimgjse(

DC sputtering of a hiseAlg.4oY 0.02 target with 80 kHz and, = 4976 ns in an 0.5 Pa,Mr
discharge.

In this thesis Langmuir plasma analyses were dandG magnetron and pulsed DC

magnetron discharges during sputtering from @udfl49Y 0,02 target using a standard
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Hiden ESP system. As presented in Fig. 4.3 ancusssd in full detail in publication V
[74], changes in the target voltage wave form ipeshelence of the reverse pulse lertgth

(further detailed in chapter 4.3.2), have a striofigence on the plasma parameters.

The plasma potential, (Fig. 4.3a) decreases with increasing positivesg@ugngth from
-7.2 V for the DC discharge to smaller negativeueal with increasingte,. V, of a pulsed
magnetron discharge with 250 kHz apd= 1616 ns is +1.38 V. Consequently, the energy

of the impinging ion<; on the substrate or growing film at an appliedstpatentiaVg of
-50 V also increases according B :q\/B —VP| from 42.8 to 51.38 eV when changing
from DC discharge to 250 kHz pulsed DC with, = 1616 ns [99-101]. The electron

temperaturd, (Fig. 4.3b) increases with increasing reverseagattimet,., and reaches a

maximumT, of ~5 eV independent of the used frequencies.

—— 50 kHz —@— 80 kHz —4#— 120 kHz —p— 250 kHz
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Fig. 4.3. Plasma potentis, (a), electron temperatuiig (b), floating potentiaW; (c), ion and met:
flux Jion, Jve (d), and ion to metal ratid,/Jue (€) of DC magnetron sputtering (0 ps) antsed DC
magnetron sputtering with 80 kHz and increasing

Although the Langmuir data presented inhere aretinmé resolved and thus give time
averaged values, the general trends observed Hyeiritline with literature. Electron

heating through discharge pulsing is discussed efs.R102-105] and occurs through
stochastic heating caused by MHz ringing of thgeabawroltage, as will be shown later in

chapter 4.3.2. The increasesTinand electron density lead to increase¥jirfFig. 4.3a)
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and ion fluxes (Fig. 4.3d). All investigated freqoees yieldJ; increases with increasing
reverse voltage timi.,as presented in Fig. 4.3c.

Furthermore, from the pulsing induced reductiorsjfitter-on duty time with increasing
trev the sputter rate decreases (as outlimedhapter 4.3.2). Hence, the metal floe
arriving on the substrate during pulsed DC magmegquuttering (DC-MS) decreases with
increasingt,ey and thus the decreasing sputter rates can be decotor by the shorter
magnetron power on time. ConsequentlyJascreases andy. decreases with increasing
trew, the ion-to-metal flux ratidi/Jyve increases withy,. In the case of a pulsing frequency
of 80 kHz,Ji/Jve increases from ~0.44 to 1.02 for increasetxjrirom 0 (DC-MS) to 4976
ns, respectively.

4.3 Magnetron Sputtering

4.3.1 DC Magnetron Sputtering

A sputtering process is characterized by a momertramsfer between atoms and the
interaction of energetic particles with solid mati fast particle, usually from an inert gas
e.g. an Ar ion, ejects an atom from a surface zredefined material called target [91].
In general a sputter system is composed of a catliadget) and an anode (substrate),
which are facing each other at certain distanae vacuum chamber, indicated in Fig. 4.4.
As discussed in the previous chapter, the inertigas are created in a glow discharge
plasma and accelerated to the target. The lattesists of the material to be sputtered, and
is well bonded to a water cooled copper backingepia dissipate the heat created during
ion bombardment. The number of sputtered atomsnoatent particle is termed sputter
yield S. A cosine law distribution of sputtered speciegaserally observed [83]. Both, the
sputter yield and the angular distribution of sprgtl atoms depend on the ion energy of
incident particles, sputtered species, texturegadh size of the target [83, 106] and can
be estimated as described in Chapter 5.3.2.

In a basic planar diode sputtering system high aipeg pressures have to be applied to
allow enough ionizing collisions between targetctgd secondary electrons and the
working gas. When a magnetic field of a few Gagsspplied on the target, low enough to
affect only electrons not ions, the electrons amecentrated near the target, which allows

for lower applied sputter voltages. Instead of mizing their loss of energy at walls, the
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electrons collide predominantly with gas atomsglieg to high ionization efficiency. The
increased ion density results in lower necessasypgassures and thus higher deposition
rates [83, 106].

A

plasma Ty "&@: i*--subs’[ralt.‘ie (anode)

deposition
ionization

erosion track

DA Al cathode shielding

target (cathode)
magnetron

magnetic poles ]T: power

cooling

Fig. 4.4. A typical setup for unbalance magnetnoutter deposition (modified from [96, 106, 107]).

The systems using crossed electric and magnetasfare termed magnetrons and are in
practical sputter applications cylindrical, ciraular planar. The latter one is used in this
thesis as indicated in Fig. 4.4. The draw-backhi system is the non uniform target
erosion trace due to the electron confinement,imgath the so-called sputter-, or erosion
track.

For general applications two different magnetrosteyns are used; the conventional
balanced magnetron (CBM) and the unbalanced magnetystem (UBM). In an UBM
system as utilized in this thesis, outer and irmagnets have different strength. Therefore,
in contrast to the CBM, only a part of the magnégtd is kept in the vicinity of the target,
whereas other magnetic lines reach a wide rangigetgsubstrate. Hence, the plasma is not
only confined near the target, but can also exp@amehrds the substrate. This allows
substrate heating through energetic particle bodrbant, is improving diffusion and
results in modified coating growth. The energylwd ton flux can be adjusted by varying
the magnetic field or by applying a bias potentiathe substrate [83, 100, 106]. In general
the magnetic field mainly influences the ion densithereas the bias affects the ion

energy.
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In the case of the (TiAly)1YyN films, the reactive magnetron sputtering methaxk w
used, where one film component, here nitrogemti®duced into the deposition chamber
in the gaseous state. The nitride component forememlly on the growing film. In the
here utilized deposition setup the/Ar partial pressure ratio was 0.4 at a total gasgure

of 0.5 Pa and a power density of 9 WfciBase pressure in this system was below 0.1 mPa
and a bias voltage of -50 V was applied.

The Al-Au coatings were produced by non-reactivettgping in an Ar glow discharge at a
working gas pressure of 0.6 Pa and a magnetron mpoemesity of 2.7 W/cth The
substrates were -85 V biased. Base pressure sy#tem was 0.2 mPa.

4.3.2 Pulsed DC Magnetron Sputtering

In the mid-1990s pulsed DC magnetron sputtering waieduced to allow the deposition
from dielectric targets and to circumvent targetspning and subsequent target arcing
during reactive magnetron sputtering [108, 109].pAssented in Fig. 4.5, during pulsed
DC sputtering the polarity of the DC power, i.e.tguuial, at the target is alternated
between negative and positive. During the negatuise,t,n, Nnormal sputtering takes place
and ions are attracted to the target to eject atdien the positive reverse pulse,, is
applied electrons from the plasma are attractethéotarget. These electrons discharge
positive charged poisoning layers and lead to &drigotential gap between plasma and
target, yielding higher energies for the subseduéantpinging ions, which further help
eliminating a residual poisoning layer at the taf@e8, 110, 111]. When either magnitude
and duration of,, are greater than ak,, or the potentials of positive pulse and negative
phase are different, as it was the case in thEghthe method is called asymmetric pulsed
DC sputtering (pulsed DC-MS).

t, o
® o ® asxnmetric pulsed DC ® © ®@ ® ® @@
® u Jl l +37V
ll . l ov
2= t
— 400V r

Fig. 4.5. Schematic of asymmetric pulsed sputtefhging the negative pulsg,, ions are attractt
and during the positive pulsk,, electrons are attracted to the target (modifiechf[108]).
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Today, in conventional pulsed DC sputtering appilices, pulse frequencies vary between
20-350 kHz. In most power supply units atggcan be adjusted to allow a modification of
the pulse duty cycle which itself is the ratio beémn sputter on-tim&, and the overall

period €onttrey).

Though, pulsed DC-MS has become a common tool Her @pplication of dielectric
materials, only few reports exist on the modificatiof microstructure, mechanical and
physical properties of hard nitride coatings by timethod [109, 112-115].

—DC ~486ns -----1616ns — - -3056ns —4976ns
400- : ' ' ' ' ' '
200+

0-
2004 [ M Loy
400 s ‘ :
600 ¢ :
-800
-1000
-12004
-1400
-1600 . . ; . , ; y
15 10 -5 0 5 10 15 20
time (ps)

target voltage (V)

Fig. 4.6. Target voltage waveforms f0oC magnetron sputtering and pulsed DC magn
sputtering with 80 kHz antl,, = 496 ns (dotted), 1616 ns (dash dotted), 305@ashed
and 4976 ns (solid) — Publication V [74].

Therefore, in this thesis the effect of asymmaebifmolar pulsing on the microstructure of
(TixAly)1yYyN is investigated using an ENI RPG-50 generatdris@rovide 400 W in
power regulation mode (publication V, [74]). In seguence a chemical composition is
chosen which is close to the metastable solulilityt as there the material is extremely
sensitive to changes in the sputtering conditidige pulsing frequency of a +37 V
reverse voltage pulse was varied between 50 ankBE20vith a positive pulse length,
variation from 496 ns to a maximum of 8016 ns. Tgpiarget voltage waveforms, as they
are recorded during sputtering with 80 kHz dp¢d= 496, 1616, 3056, and 4979 ns, are
presented in Fig. 4.6. The waveform strongly defénom the idealized voltage vs. time
trace shown in Fig. 4.5, which is attributed to tfaéure of the power supply [74, 102-104,
116-118]. At voltage reversal high overshoots ociecuthe onset oft,, and te,. The
observed fast fluctuation (MHz frequency) of targeltage above +200 V at the onset of

trev IS reported to be accompanied by strong increiastee target current [103, 104, 116,
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117]. After this MHz ringing the reverse voltagattens to +37 V duringe,. On polarity
alternation the target voltage overshoots the \3%bserved during DC mode for the 400
power regulation and the used)7dAlo.49Y 0.02 cOmpound target. Thereby the target peak
voltage reaches -700 V ftig, = 496 ns and increases to -1450 V for increaki¢p 4976

ns at the onset @f, and levels off to about -350 V (Fig. 4.6). Thethhjgpak target voltages
along with the MHz variation in the positive pulssgion have strong impact on plasma
parameters (see chapter 4.2.2) and consequentiyitdrestructure and properties of the

grown coating, as described in publication V [74].

One disadvantage of the pulsed magnetron sputtefingtride coatings is a decreased
deposition rate due to the pulsing induced redonaticdeposition timet,,. Here the sputter
rate decreases from 44 nm/min for the DC-magnetputtered coating to 38, 37, 33, and
28 nm/min for 80 kHz pulsed DC-MS films depositedwdeposited with, = 496, 1616,
3056, and 4979 ns [74].
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5 Thin Film Microstructure and Composition

5.1 Characterization

The understanding of structures and their origirorgfly depends on the analyzing
techniques and methods. Therefore, the three mashipent methods for structural

characterisation used in this thesis are presentigt following.

5.1.1 X-ray Diffraction

X-ray diffraction (XRD) is a powerful, non-destrau@ method which allows the
determination of structure, phase composition,uiextlattice constants and stresses of
unknown crystalline materials by comparing the mead diffractogram to known
standards [119-121]. In this thesis the X-ray ddfograms were recorded in Bragg-
Brentano geometry, where only the diffraction fromstallographic planes with the plane
normal parallel to the diffraction vector are intigated in accordance to Braggs’' law
[122]:

niA=2ld[sind, (5.1)

where constructive interference is observed wherptth difference of travelling X-rays is
an integral numben of the X-ray wavelengtil. The path difference is defined by the
geometrical relatio@[d [sind, where@is the angle of incoming X-rays auld(or dny) is
the lattice plane spacing which can be derived fribv@ Miller indices (hkl) and the
dimensions of the unit cell. Further information orethods and techniques of X-ray
diffraction are presented in Refs. [119-121, 123].

By fitting a diffraction peak with a Pseudo-Voigtriction, which is a linear combination
of a Cauchy and a Gaussian function, domain sizescrystallite sizes- and the lattice
strain can be calculated. The domain size is atimmof the Cauchy part of the Pseudo-
Voigt function and corresponds to the average lengt crystalline domains in the

direction of the diffraction vector [124].

A typical X-ray diffraction analysis is presentedfig. 3.4 where the phase distribution in
dependence of the Y content is shown. From the peakions of the single-phase cubic
Tio4sAlosN film the lattice parametes, of the cubic structure of 4.178 A was determined

according to the Cohen-Wagner method [125]. A 25anystallite size was calculated for
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this coating employing the Pseudo-Voigt methodsTdomain size corresponds well to the
~22 nm column width measured in cross-section TEMlyses. Diffraction angle
positions of the hexagonal phase are used to dénvdattice parameteis, andc, for
hexagonal wurtzite (TikAlx)1yYyN, yielding a = 3.075 and, = 5.295 A for y = 2 at.%,
ay = 3.185 andt, = 5.215 A for y = 5 at.%, and, = 3.205 anc, = 5.220 A fory = 9
at.%. The lattice parameters of the cubic phasekdrfilms vary only within the error of
measurement betweeg = 4.178 and 4.181 A. These results are in goodemgent with
lattice parameters calculated by ab-initio and shiogvbroad range of data which can be
derived by the relatively simple X-ray diffractidachnique. A deeper discussion of the

above data is provided in publication IV [73].

5.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a standardhatk for the investigation of

structures with sizes raging from tenth of nanoegto the cm scale. The SEM focuses a
high energetic electron beam on the surface ofmapkaand detects and analyses the
signals created by the interaction of the electbeam with the surface. These signals

include secondary electrons, back scattered electnd characteristic X-rays [83, 126].

The most common imaging mode monitors low energgpisgary electrons. The brightness
of the signal depends of the number of electromashiag the detector. Therefore, steep
surfaces and edges tend to be brighter than fttdcas, leading to the characteristic three-

dimensional image appearance.

Backscattered electrons are used to detect caomtrbstween different chemical
compositions -i.e. areas with different averagematonumber- as the signal brightness of

backscattered electrons increases with the atoomter.

The elemental composition of a sample can be detednin a SEM by analysing the
characteristic X-rays emitted by electron inter@ctwith the sample. The method used in

this thesis was energy-dispersive X-ray spectrog¢BpX).

A typical example for a SEM investigation is presehin Fig. 5.1, of an AAu coating

isothermally oxidized for one month (672 hoursB@0 °C. Fig. 5.1a shows a secondary-
electron cross-section image of the rough and poraxide scale. A clear elemental
contrast is visible in the back-scattered elecirnage of Fig. 5.1b and reveals the large

diffusion zone of coating material into tyeTiAl substrate. Together with the EDX line
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scan in Fig. 5.1c the diffusion layers and oxidalescan be interpreted as follows: at the
surface an oxide scale has formed composed prym@rihl,O3; with traces of Ti@ from

Ti diffusion from the substrate. Below there areotéu rich layers, of Al, Ti and Au.
Underneath these layers a >30 pum diffusion zondwfinto the y-TiAl substrate has

formed [24]. Mores SEM analyses on as-depositedaidized material is presented in
publication VI [127].
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Fig. 5.1. (a) Secondary electron image, (b) baeitteed electron image, and (c) EDX line-scan ofAbAu

coating ony-TiAl oxidized for 672h at 800 °C (Publication V127]).

5.1.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) allows ofitag volume information of a thin
specimen by the transmission of a high energeticteln beam. Similar to the SEM also in
TEM signals from the electron-sample interactiom dz taken for a wide band of
analytical and imaging techniques. Combined withtiigh imaging resolution of less then
1 A modern TEM systems (accordingly termed higtekeson TEM or HRTEM) are
powerful tools for material analyses down to thenat level.

The basic operation of a TEM can be divided int® thcording of diffraction pattern or

images, as shown in Fig. 5.2a and b, respectiaig, depends on the strength of the
intermediate lens. A diffraction pattern gets pctgel to the screen when the back focal
plane of the objective lens is the object planethsd intermediate lens, whereas for

projecting an image, the image plane has to coinaidth the object plane of the
intermediate lens.

Placing apertures in the back-focal plane of thedalve lens allows imaging through the

selection of electrons scattered in a specificatioa. By utilizing only the primary beam
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so-called bright-field (BF) images are recordedy(fH.2c). Regions of the specimen that
are thicker or more dense will scatter electronsenstrongly and will appear darker in the
image. This technique is also sensitive to lattiekects, such as staple faults, point defects
or dislocations as the distortion of crystalline@s causes intensity variations in the
image. Utilizing only the scattered electrons forging a so-called dark field (DF) image
is generated (Fig. 5.2d). The above only presemtsabrief overview on TEM techniques
used in this thesis. Further and more detailedrinéion on transmission electron

microscopy is discussed in literature like Refg1132].
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Fig. 5.2. Beam path for recording of (a) diffractipattern and (bimages. The primary beam is used
bright-field (c) the scattered beam for dark-fiédl imaging. (from [54]).

Typical TEM images as taken and analysed in thesithare discussed in chapter 5.2 and

presented in Fig. 5.6 and Fig. 5.7 or are presantpdblications | and V.

5.2 Structural Evolution during Film Growth

In PVD technology, the to-evaporate material detees the necessary deposition
techniqgue. The deposition parameters, howeveruenfie nucleation and growth of
particles condensing from the vapour phase, whachtheir part, determine the coating
microstructure and consequently the physical andhamacal properties of the deposited

film.

Depending on the arrival rate, energy and substaielition, impinging particles on the
substrate can adsorb, desorb (re-evaporate), ditfnghe substrate surface and/or settle at

low energy lattice sites. At high enough partictginging rates, metastable and ultimately
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stable clusters form through atom diffusion or direapture of particles from the vapour
phase. Large clusters may also grow at the expahsnaller ones through Ostwald
ripening [133]. Upon further growth of nuclei anldisters, they connect and coalescence
leads to a continuous network of clusters, whictimately results in full substrate
coverage [83, 96, 133-135].

Formation of a critical cluster size which can ast nuclei requires the adsorption of
several species from the vapour phase and surféitesion as presented in Fig. 5.3.
Subsequently, the combination of such nuclei ardftiimation of a three-dimensional

coating, is called film growth [136]. The generaéps of nucleation and growth are

layer-by-layer growth

arrival rate —> (a)
reevaporation
metastable criticle size island growth
cluster cluster
thermal pmncpmnnt
aocomadatin O 05 Q0 & X0 y o SR G AR SO
surface
diffusion
layer plus island growth
— (C)

Fig. 5.3. Nucleation and schematic representatiotihe three standard growth models (a) layer-bgitay
growth, (b) island growth, and (c) layer plus islagrowth (modified from [83, 96]).

schematically shown in Fig. 5.3(a) for layer-bydagrowth, Fig. 5.3(b) for island growth,
and Fig. 5.3(c) for layer plus island growth. Thifedlences are explained in more detailed

in the next paragraph.

The shape of initially formed clusters dependshendurface energies of the free substrate
surface, the film/substrate interface and the féorface to the vapour, and results

ultimately in the film growth according to threesibamodels [83, 134, 135], as presented
in Fig. 5.3(a), (b), and (c):

(a) Layer-by-layer growth(Frank van der Merwe mode): Atoms are at leasalkygu
strong bonded to the substrate than to each ofterefore the extension of the

nuclei occurs in two dimensions resulting in thexfation of planar layers.
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(b) Island growth (Volmer-Weber mode): Atoms or molecules are marengly
bounded to each other than to the substrate, abdequently grow in three
dimensions to form islands.

(c) Layer plus island growtliStranski-Krastanov mode): This is a combinatiéthe
preceding two modes. After the formation of onewo monolayers, subsequent

layer growth becomes unfavourable and islands form.

Further, film growth is characterized by severakibaprocesses such as shadowing,
desorption, surface diffusion, and bulk diffusid@hadowing is a result of the surface
roughness of the substrate and the angle of impege of the arriving atoms. The
activation energies of surface and bulk diffusios i@lated and proportional to the melting
point of the condensatd)). In dependence of the substrate temperafliyeofe or more

of these processes dominate the coating growtHeauatto a distinct coating morphology.
Therefore, the ratio betwediy andT,, the homologous temperatuig/{Tyv), is the basis of
structure-zone models (SZM), which correlate thesesbed microstructure with the

predominant processes and deposition parameters.

The first who introduced a basic SZM were Movchad Bemchishin who identified three
different zones but only considerdd/Ty as variable [139]. Thornton added the gas
pressure as second variable and noted an additton& between 1 and 2, the transition
zone T [137]. The SZM according to Thornton is give Fig. 5.4a.

Fig. 5.4. (a) Structure zone model (SZM) after Tiion [137], (b) modified SZM foion assisted PVD aft
Messier [138].

Within the last decades many authors further de@esloSZMs for various structure
influencing factors and contributed to an in-deptiderstanding of the structure develop-
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ment underlying processes. Practically all of these the terminology introduced by
Movchan and Demchishin (zone 1 to 3) and Thornromé¢ T) [99, 133, 138, 140-147].

Generally, there is no sharp boundary line betwherdifferent structure zones but rather
a smooth transition. Overall the zones differ freath other by their predominant form of
diffusion [106, 140]:

In zone 1the homologous temperature is low and surfaceuslh in negligible. It is
known as ballistic zone deposition as the only omtof atoms which affects the
deposition is the direction of the arriving vapotinus crystal planes of high condensation
probability grow preferentially. Shadowing effet¢ésd to a microstructure of amorphous
or defect-rich crystalline columns separated bydsoiThe coating surface is very rough

consisting of voids and cones.

When T4 Ty is increased also the self-surface diffusion ofatmns increases but grain
boundary migration is still limited. The result & transitionzone Tmicrostructure of

dense-packed and fibrous columns but still a higflect density. The structure develops by
competitive growth of differently oriented crystaésxd is inhomogeneous along the
thickness featuring fine V-shaped grains at therfate and thick columns at the film

surface.

Surface and interface diffusion has become theifgignt factor inzone 2resulting in a
straight and homogenous columnar structure withefepred orientation perpendicular to
the plane of lowest surface energy. The columnslese defected and often feature a

facetted surface.

In zone 3the high homologues temperature allows bulk diffasand grain boundary
movement. The structure consists therefore of wsdéropic or equiaxed columns, or

globular grains and a smooth and bright surface.

As shown by Thornton (Fig. 5.4a), increasing gasgure shifts the structure zones 1 and
T to higher homologous temperatures. Increasingsgasiering of the sputtered species
and the absorbed Ar limit the surface diffusionjehhconsequently needs higher energies,
i.e. TdTy, to be activated. Temperatures in zone 2 and Jigte enough to still allow

diffusion. Therefore, there is only a minor effeftincreasing Ar pressure on these two

structure zones [137].
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Messier et. al. separated the effects of thermral-lombardment-induced mobility of ad-
atoms by the investigation of structure developmaith increasing bias voltage (Fig.
5.4b). At low ion bombardment (lowy) zone T is small or even not existing. Surface
mobility increases with ion bombardment, which supe the nucleation stage of film
growth leading to a broadening of zone T in expesiseone 1 with increasinyy. As
temperature induced surface and bulk diffusiorhes governing factor in zone 2 and 3,

these microstructures are not affected by the as@e bias voltage [138].

Structure zone models for novel multi-componenttioga can strongly differ from the
above presented SZMs. Small amount of alloys, dopamponents or impurities lead to
recurrent nucleating and with high alloy concemndrag a second phase may form. The
dependence of continuous renucleation on the hagoak temperature is investigated by
Grovenor et. al. [147] and presented in Fig. 5.6ne& 1, which is featuring a very fine
grained and equiaxed microstructure is widenedigbdr temperatures on the expense of
zone T and zone 2. In zone T renucleation leadedormation of columns composed of
several stacked grains, whereas at higher tempesatat zone 2 and 3 high ad-atom

mobility results in the formation of columnar grain

'Zo_ne I' Zone T' Zone ll . Zone lll

"t LT

B + & :1 + +
0 01 02 03 04 05 06 0.7
Ts/Tm

Fig. 5.5 Modified SZM after Grovenor, showing the effe¢toontinuous renucleation
film structure [147].

Starting from the ideal SZM, Barna and Adamik irtigeged the influence of increasing
amount of impurities on the coating structure [1488]. At low levels of impurity the
grain growth at coalescence is not limited howedecreased mobility at contaminated
surfaces reduces further grain growth, resultingnmaller column widths than according to
the ideal SZM. At medium impurity levels a compest structure according to zone T
develops, as grain growth is already limited atdbalescence stage resulting in randomly
orientated first crystals. At high levels of alloy impurity concentration crystal growth is

periodically blocked by the formation of a cryssarface covering impurity layer. The film
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is composed of three-dimensional equiaxed globgla@ins with random orientation
according to zone 3. Thus, at high impurity levage 1 can even boarder zone 3 [148].

Depending on the coating, composition and depeositiethod used, the films grow with a

wide range of morphologies and structures.

In the case of the Al-Au coatings the film with Al ratio of 1.85 has a ternary phase
structure composed of metastable Au, AlAu, angdAal With an Al/Au ratio of 2.0 the
coating grows (311) textured single phaseMl and the film with an Al/Au ratio of 4.32
is composed of Al and AAu. Cross-sectional TEM analyses, as shown in 5§}, reveal

a coarse grained, porous (bright areas) structti&l #Au, with Au (darkest areas) and
AlAu phases for the ternary Al/Au = 1.85 (Fig. 5.6and a dense, columnar micro-
structure for the single-phase,Al coating (Fig. 5.6b). The binary Al/Au = 4.32nil
exhibits again a coarse grained but layered streaitiALAuU with nanosegregation of Al

and metallic Al phases (bright areas - Fig. 5.68s)described in publication | [27].

500 nm IS,

- ‘.I ’ - o
Fig. 5.6. Bright-field TEM cross sections of as-dsijped Al-Au coatings with Al/Au &b ratios of 1.85 (a
2.00 (b), and 4.32 (c) (indicated in the binarygghdiagram Fig. 3.1) — Publications | and Il [23].3

From detailed TEM investigations and a criticatdéture study it was possible to suggest
growth mechanisms for the individual coating conifmss and morphologies described
above. During crystallization of the single phadeAA film, from a vapor with an Al/Au
ratio of 2, this phase has the highest energy aihd&bion among other neighboring
intermetallic species which further promotes thewgh of ALAu [149]. As AbAu phases
are nucleating from the very beginning the nucteatiensity is high [150]. Thus, a high
number of AbAu crystallites grow competitively in zone T morpbgy on a layer-by-layer

basis or from AdAu tetrahedrons in vapor flux direction as desatibeRefs. [151, 152].
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During growth of the film with an Al/Au ratio of 82 the AbAu phase nucleates first due
to its highest energy of formation, hence, excelsse§yregates to form Al domains, as no
other intermetallic phase is on the Al-rich cormérthe binary phase diagram (see Fig.
3.1). For Al-Au diffusion couples with Al/Au > 2hé formed phases are alwaysAu and

Al [149]. At different temperatures only the growtites of the Al-Au phases formed are
influenced [33]. The diffusionally governed phasparation allows the growth of larger
Al,Au domains as compared to the single-phas@\film. Based on the limited time for
diffusion processes during the growth of the filrescess Al forms nano-segregations
within the AbAu domains, as the growth rate is ~1@° m/sec and the diffusion of Al on

Al is around 10° m%sec at the deposition temperature of ~ 300 °C,[153].

During growth of coatings with an Al/Au ratio of8h the AbAu and AlAu phases form
according to their heat of formation of -126.8+t&¥mol and -77.0+4.2, respectively
[149]. Additionally, metallic Au grows metastableial to the limited atomic assembly
kinetics during low temperature deposition processed transforms upon annealing to
AlAu,, see publications | and Il [27, 33JlAu is an intermediate product in the diffusion
path to form the intermetallic phases,All or AlAu from Al-Au couples [31, 149].
Kirkendall voiding is reported for Al-Au thin filntouples, the formation of voids in the
films with Al/Au=1.85 is thus attributed to thisqaess [7, 30].

More details on Al-Au coating morphologies, growtbnditions and their impact on
thermal stability are presented in publication 7][Zoublication Il [35], and publication 1lI
[36].

The single phase cubic oliAlpsgN coating grows with a dense columnar structuree Th
columns have evolved from competitive growth acowdto zone T. A primarily

hexagonal wurtzite phased k¥ los3Yo00dN film containing 9 at.% Y in the metallic
sublattice has a very fine texture of featherlikmall-diameter grains elongated in the
growth direction. This structure originates fromntiouous renucleation of cubic and

hexagonal phases and is described in more detailbiication 1V [73].

A new and more complex growth mechanism was foondhie (Ti-xAly)1.yYyN films with

y = 2 at.% Y. Close to the substrate the coatirfglets a dense columnar structure with a
growth direction perpendicular to the substratdaga, according to zone T. At a certain
distance from the interface the growth directionilied to the substrate normal. Selected

area electron diffraction pattern (SAED) reveairgle phase cubic NaCl <200> textured
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structure at the substrate near part and a mixtir200> and <111> textured cubic and
<002> textured hexagonal phases in the tilted re@® indicated in Fig. 5.7b. Further,
increasing reverse voltage lengthg,, during asymmetric bi-polar sputtering lead to

increasing thicknesses of the single phase cul©x2extured interface-near layer.

Fig. 5.7. (a) Bright-field and (b) dark-field TEMass sections of ThoAlgaoY 00N produced by 80 kr
pulsed DC magnetron sputtering withy = 496 ns. The two growths zones are indicated)n (

For this structure a growth mechanism based on getier and crystallographic

considerations is suggested as follows:

Texture formation in magnetron sputtered TiN baBkus is governed by the need for
minimization of the surface energy and the accutedlastrain energy [155], where at
small thicknesses the surface energy is the domméctor and at larger thicknesses the
accumulated strain-energy, which increases lineaitly the thickness [156, 157]. Thus,
for TiN based coatings a <200> texture can be drpeat small thicknesses, as the {200}
planes have the lowest surface energies [158-18éfs. [162, 163] report for TiN an
anisotropy of the elastic moduli E withhdg<E,20<E;1; and hence the accumulated strain
energy U decreases from <20@ <220> to <111> textured films. Therefore, staytfrom

a critical thickness during film growth a transitiérom <200> to <111> texture occurs.
Furthermore, it is reported that within an epitdxraultilayer arrangement between cubic
TiN and hexagonal AIN the cubic (111) TiN planes slted by ~20° from the hexagonal
[001] AIN direction [164]. The crystallographic ation for an epitaxial matching between
cubic TiN and hexagonal AIN lattices can be desatibs [164, 165]:
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-{11%,, 110 H{ooz}AIN (110, -

This is the orientation dependence in the afore timeed films between cubic and
hexagonal phases. Therefore, it is proposed tleatilted columnar growth, which is only
observed in the cubic-hexagonal binary phase regiin<111> textured cubic phases, is
the result of the hexagonal phase formation asepted in more detail in publication V
[74].

Additionally, the hexagonal phase formation besefiom the higher mean diffusion
length of Al on cubic (100) surfaces compared tblj] as it is shown for Ti on TiN, and
the lower absorption energy of Al compared to tifali on TiN [37, 161, 166]. A possible
explanation is that as soon as cubic (200) and)(@ddins coexist, surface diffusion leads
to a preferential cubic (111) growth and, combingith the above orientation dependence,
to the nucleation and growth of (002) hexagonaktalg due to the faster Al diffusion
compared to Ti.

The increases in thickness of the cubic <200> layeexpense of the tilted cubic and
hexagonal structure can be explained byJHg. increase with increasing reverse voltage
lengthst,., (see chapter 4.2.2), as higihy. ratios lead to a preferred <200> growth [99,
101]. Further, the decreasing Al/Ti compositioniaatesults in the stabilization of the

cubic structure below the metastable solubilityitif@4, 99, 101].

A more detailed discussion on the structural evatutand growth mechanisms of the

bipolar pulsed (TiLxAlx)1yYyN coatings is presented in publication V [74].

5.3 Modelling

Computational modelling gives rise to a better us@dading of the underlying physics of
material- or process behaviour and is thereforexaellent tool to underpin scientific
investigations and to complement traditional theoa¢ and experimental approaches. The

two methods used in this thesis are presenteceifotiowing.

5.3.1 Ab-initio Calculations

The term ab-initio describes that calculations mede from first principles and neither

empirical data nor material parameter input is usecdomputation. Ab-inito calculations

Martin Moser 34



Thin Film Microstructure and Composition

performed for this thesis are based on the defisitgtional theory (DFT) which allows
the investigation of the ground state of atoms, emgles and condensed phases. The
advantage of the DFT method is that it uses thetrele density as the basic quantity of
calculation instead of solving the many-body elauit wave function i.e. Schrédinger-
equation. It therefore makes the calculation of trelectron systems possible at a
reasonable computational effort [167, 168].

In this thesis the ground state and stability oDPdbndensed phases was calculated using
the Vienna Ab-initio Simulation Package (VASP) [169

-2.2

E; (eV/at)
N
T

-2.64 c-TiyAlLN
w-Tiq_ALN
c-(TigAly)1.y Y N, y=12.5 at% Y

W-(TigAl)gy YyN, y=12.5 at% Y
00 02 04 06 08 10

AIN mole fraction, x

[}
@emoO

Fig. 5.8. The energy of formatidg as a function of AIN mole fractionsfor c-Ti,,Al,N andw-Ti,Al,N
(dash dotted line and open symbols) comparel; tf c- andw-(Ti1xAl))1., YN with y=12.5 at% Y at the
metallic sub-lattice (solid line and full symbo[g}, 73] — Publication IV.

Fig. 5.8 shows a typical ab-initio calculation mmehed for this thesis. It presents the
energy of formationHy) distribution of cubic¢-) and hexagonal-wurtzitew) TiiAlxN as

a function AIN mole fraction and compares it to Ealistribution ofc- andw-(Ti1,Al)1-
yYyN. For TiAlxN the larger negative values of the cubic phasexfdrelow ~0.69
indicate a preferred crystallization in the cubiodification [44]. Adding 12.5 at.% Y to
the metallic sub-lattice equally substituting fol @nd Ti results ir>0.07 eV/at smaller
negative E; values forc-(Ti1xAly)1yY,N over the entirex range. For the hexagonal
modificationw-(Ti1Aly)1yYyN the E; data forx in the AIN range 0.25-0.75 differ only by
<0.01 eV/at from those of the Y-freg-Ti;.,Al\N. Comparing however thes Elata for
cubic and hexagonal (LiAly)iyYyN with y=12.5 at.% suggests a preferred cubic

modification for AIN mole fractionsx below ~0.56. Consequently, the metastable
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solubility limit for AIN in c-(Ti1xAly)1yYyN decreases from ~0.69 to 0.56 with increasing
Y content fromy=0 to 12.5 at.%, respectively. These computed datain excellent
agreement with experimental results from XRD (seg. B.4) and TEM analyses
suggesting a structural change from single-phasdyic do mixed cubic-hexagonal and
further to an hexagonal-dominated microstructurgh(wubic traces) by increasing the Y
content from O to 3 or 5, and to 9 at.%, respebtivblore details are presented in
publication IV [73].

5.3.2 Sputter Process Modelling

In this thesis a calculation of the sputter yidgland angular distribution of sputtered
speciesas was performed using the Monte Carlo algorithm da3®kIM group of
programs which computes the stopping and rangeor$ into matter (SRIM) using a
guantum mechanical treatment of ion-atom collisifhig)]. The program builds on the
binary collision approximation, where the movementions in the implanted sample
(target) is treated as a succession of individo#iistons between the recoil ion and atoms
of the sample. With the program component TRIM (iBgort of lons in Matter) the effect
of ions on complex multi-component target materée be simulated and target damage,
as well as quantity and angle of sputtered speaiesecorded. A full description of the
calculation and the program package is presentd&kfa. [170-172]. A screenshot of the

SRIM calculation platform and collision cascadetpls shown in Fig. 5.9.
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calculation as well as the data output sidebar8][17
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The in the calculation used energies of the workjag ions, Arand N*, are derived from
the peak target voltages measured during DC- atgb@uDC-sputtering (see Fig. 4.6).
Thus, the ion energies were set to 400 eV for D@meaon sputtering, and 900 and 1500
eV for pulsed DC-magnetron sputtering withy = 1616 and 4979 ns, respectively. For
DC-magnetron sputtering the sputter yields witfi and N* (Ys, arandYs, n) are 3.9 and
3.3 for Al, and 3.6 and 3.1 for Ti, respectivelyheBe values are comparable to those
reported for single component targets [83, 89, 1H&hce, the obtained sputter-yields for
Ar* and N' suggest Ti/Al ratios of 0.85 and 0.86, respeciiveind a metal sublattice
composition of 54 at.% Al and 46 at.% Ti as presénih Fig. 5.10a and b. With increasing
ion energy the sputter yield for Ti increases gjerthan that for Al. The Ti/Al ratios are
0.86 and 0.88 for sputtering with 900 eV and 1580A¢ ions and 0.89 and 0.90 for
sputtering with 900 eV and 1500 e\ Mns.
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Fig. 5.10. Sputter yield and resulting Ti/Al at.#tio at the substrate for A¢a) and N (b) sputtering. Tr
percentage of species sputtered at an angle lénger 25° (species do not reach the substrate) la
resulting Ti/Al substrate arrival ratio for Atc) and N* (d) sputtering.

Generally, atoms are sputtered from the target range of directions proportional to a
cosine distribution including the angel of incidenfl74, 175]. Thus, a number of
sputtered species does not reach the substrat¢hé-deposition arrangement utilized, the
threshold angle from the target normal for atomisipinge on the substrate is 25°. Hence,
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~15% and ~21% of the Al and Ti atoms sputtered feofhip sAlgs compound target are
lost with 400 eV Af. Using 400 eV N as sputtering species ~17% Al and ~22% Ti would
be lost (see Fig. 5.10c and d). Consequently, tfiereht losses for Ti and Al atoms
suggest a Ti/Al ratio of ~0.93 at the substrategéfiber, the different sputter yields and
losses for Ti and Al atoms suggest a Ti/Al ratio 3.79 for sputtering a J#Alos
compound target with Arions having 400 eV. This value is in perfect agrest to the
observed Ti/Al film ratio of 0.79+0.02 obtained dthg DC sputtering of a §kAl s target,

as reported in Refs. [47, 73].

Increasing the ion energy to 1500 eV results inss lof 17 and 22% of Al and Ti and 18
and 23% of Al and Ti using Arand N* for sputtering, respectively. Consequently, the
Ti/Al ratios of film forming species would increaf®m 0.93 to 0.94 with increasing ion
energies from 400 to 1500 eV (Fig. 5.10c and d).

As presented in publication V, SRIM results werextellent agreement with the coating
compositions derived from SEM EDX analyses anddelhus in the understanding of the
origin of the changes in chemical composition obseérfor the pulsed-magnetron

sputtered films.
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6 Mechanical Properties

In the development of protective coatings good raeatal properties are one key factor.
They depend primarily on the binding strength, tten film microstructure, its

composition and constituents and are thereforesaltref the deposition parameters and
methods used for coating production. The most itgmbrstrengthening mechanisms for
the thin films produced in this thesis are presgnitethe following and the method of

choice for hardness measurement, nanoindentasigmesented in chapter 6.2.

Further, a protective coating has to preserve tleehanical integrity of the subjacent
substrate, which is from additional importance ydriAl alloys and their intrinsically low
fracture toughness. Therefore, the influence otinga on the ductility of §-TiAl base

alloy is investigated and the used technique pteden chapter 6.3.

6.1 Strengthening Mechanisms

The strength of crystalline materials is charaztstiby the resistance against deformation,
which on its part is connected to the movementislodations. Therefore, mechanisms
that limit dislocation movement will ultimately ndé$ in increased strength and hardness.
Some of these processes are activated and otherseceeduced through thermal input.
Consequently, this chapter and chapter 7.1 on thérractivated processes are strongly
interrelated.

6.1.1 Strain Hardening

Energetic particle bombardment during film growttheets the growth process of the
material and generates lattice defects as presamtéid. 6.1. When an incoming particle
has high enough energy to knock atoms out of fadtice position, secondary collisions,
and subsequently collision cascades form (Fig.)6.1a contrast to high energetic
bombardment the cascade is not isotropic, resultmgstrong atomic motion and
rearrangement of the lattice. The impinging atomavall as recoil species may also be
implanted into the subsurface lattice. When enagg flux of the impinging ions are
increased an increasing number of interstitials\awhncies is produced in the lattice from

atomic displacements in collision cascades (Figjb).These point defects result in an
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increased density of extended defects and form, tarad three-dimensional defects such as
dislocations, grain boundaries or voids [176, 177].
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Fig. 6.1. (a) Effects of ion bombardment on a grayfilm and (b) interaction of an impinging highezgetic
particle with a metal lattice [96] (based on [1I88, 179].

Strain hardening is also calleslork- or defect hardeningspecially for steels, and is
caused by lattice defect — dislocation and/or deion — dislocation interactions.
Dislocations as well as lattice defects, such &sfitials, have local strain fields around
the lattice disturbance. For edge dislocationsgi@mple, they are compressive above the
slip plane and tensile below. When a moving digiocameets the strain field of a lattice
defect, i.e. interstitial or dislocation, it is legr attracted or repulsed, which can lead to
defect annihilation or to dislocation pile-up. Fhat, dislocations can intersect resulting in
kinks or jogs, which also hinder further dislocationovement. Therefore, moving
dislocations through such strain fields requireditamhal shear stresses to be applied.

Consequently, a material with a high defect dersifyears harder and stronger [176].

As a consequence of ion bombardment and the grgmblcess (chapter 5.2) poly-
crystalline coatings have defect densities of 416m* in the as-deposited state

comparable to highly deformed metals [83].

6.1.2 Solid Solution Hardening

The term solid solution depicts a system whereyaltp elements are integrated into the
lattice of a crystalline metallic matrix. Depending the atomic assembly two forms of
solid solution are distinguished. If the alloyinigraent is small compared to the matrix
atoms, they sit preferable in interstitial lattisies, Fig. 6.2a. On the other hand when
atoms have similar sizes, the alloying elements takg the lattice space of matrix atoms,

resulting in a substitutional solid solution, Fi§.2b. If two alloy components show
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preferred bonding to each other as compared toegitof the same species, ordered solid
solutions form, as presented in Fig. 6.2c. Thelsbly of one element in the crystalline
matrix of an other can range from total insolupilito absolute solubility and for
the défee

electronegativity, and in the difference in valemtectrons. Also, solubility is generally

substitutional solutions is depending on in atomic radius, in
limited when two species crystallize in differemystalline structures. As mentioned
earlier, in equilibrium conditions the solubilityriit of hexagonal AIN in cubic TiN is only
~5 mol.%. However, PVD processes allow the fornrmatd metastable TiAlxN solid

solutions with up to 70 mole% AIN (chapter 3.2.1).
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ooooooo @0@0000 0000000
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00OQO00 @00@000 @000000
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oodbooo 0000@0@® ©000000
0003DO3D 0000000 00000@O

Fig. 6.2. Schematic of three different forms ofidaolutions. (a) Alloying elements sit on
interstitial sites; alloying elements substitute tiosting atoms randomly (b) or ordered (c).
(modified from [180]).

Solid solution hardening is the result of changedding characteristics and alloy element
interaction with dislocation movement where thrédéetent mechanism play a major role
[180]: (1) Paraelastic interactionsdue to the different size of alloying atoms coneplato

the matrix species, tensile or compressive stremses

in the crystal lattice, which can act
repulsively on dislocation movement. Rjelastic interactionsas binding energies in the
neighbourhood of an alloying element are changesh #he shear modulus changes as
compared to the pure metal leading to a hinderstbchtion movement. (3Chemical
interactions the staple fault energy generally decreases iwttteasing alloy content. With
decreasing staple fault energy, however, the delatoin width of dislocations to form
partial dislocations increases, which in turn rexuthe total energy. Therefore alloy
elements (especially interstitials) diffuse to gls@round dislocations to reduce the staple
fault energy. During dislocation movement a retagdiorce acts on the dislocation due to

the changing alloy concentration environment [180].

Solid solution hardening is an often observed pheen in thin film systems. A famous
examples is the herein discussed,Ai«N system (see chapter 3.2.1, [42, 46, 52]), but als
Ti-Zr-N [39, 181], or Cr-Al-N [182-184] show this@shanism of hardening.
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6.1.3 Precipitation Hardening

Small particles embedded in the matrix of a malteci@n considerably add to the
strengthening due to their impeding effect on tlew@ment of dislocations. Such particles,
e.g. oxides or borides, can be given to the allsgady during the production process and
are termed dispersoides. Particle or phases that during thermal treatment of a solid
solution are called precipitates. For precipitati@mrdening in addition to form and size,

also their type of interface to the host matrirasn essential importance.

When a precipitation has coherent or semi-coherstarfaces with the matrix the
crystallographic lattice planes are disturbed arsotted. In that case dislocations can
move by cutting through the precipitation (Fig. ,6l&ft side). To do so they have to
overcome the energies needed to create new ingsriaed anti-phase boundaries as well
as paraelastic and dielastic interactions, regyltmincreasing stresses necessary for the

movement of dislocations. This increase in sheassyr scales with the square root of

particle size:Ar, U \/E [176, 180, 186].

cutting | bowing

>
dr

Fig. 6.3. Strengthening in dependence of dispeesoicprecipitation size 18°

dependence from cutting stress, ard dependence from bowing stress yield

a peak stress value at a critical particle sizgmbdified from [185]).
If a particle or precipitation has an incoherem¢iface with the matrix, dislocations cannot
cut through, but have to bow out between two plagicntil they curl around the obstacle
(Fig. 6.3 right side). Behind the particle antigléal dislocation parts meet, recombine,
and a free dislocation can move-on, leaving a dalon loop behind. This so called
Orowan-mechanism participates to the overall stteergng increase by the decrease of
particle spacing with each additional dislocatiood and by interactions between loop

dislocations and incoming dislocations. For thischamism the critical shear stress

Martin Moser 42



Mechanical Properties

decreases with increasing particle siZlerC(Ddi), as at a given volume fraction of
T

particles the distande between the particles increases. [176, 180, 18H, 1

Therefore, the critical shear stress for cuttingpafticles and precipitations increases by
Jd; until the Orowan-stress is reached leading toefeingAr, as it becomes easier for

the dislocation to bypass the obstacle than taheatigh it. This is schematically presented
in Fig. 6.3.

6.2 Nano-Indentation

Indentation tests, dnardness tesfsare amongst the most commonly applied methods for
testing mechanical properties of a material. Irditranal indentation tests, like those
defined by Vickers, Brinell, or Rockwell, a harg with known mechanical properties (e.g
diamond) is pressed into a material of unknown erti@s. The load placed on the indenter
tip is increased until it reaches a user defineakpealue. At this point, the load is kept
constant for a certain time and/or removed. Tha aferesidual indentation imprint is
measured and the hardness, is defined as the maximum loaBy., divided by the

residual ared\:

P
H =—"2 (6.1)

A

A schematic of an indentation with a pyramidal int#e is presented in Fig. 6.4a. Upon
loading with the force F the elasto-plastic behawiof the material causes indentation to a
depth hhax The indenter, however, is in contact to the maltenly for the depth & Due

to the elastic recovery of the material the redidiorrint after indentation has only the
depth h[188, 189].

For the investigation of thin films the indentatidapth has to be reduced to ~10% of the
coating thickness [188] to minimize the influencé tbe substrate underneath, and
therefore the applied load has to be low. Consdfyehe residual imprint area is only a
few square micrometers or even smaller, which waelduire SEM or atomic force

microscopy for measuring the contact area.
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Fig. 6.4. (a) Schematic illustration of an indeimatwith a pyramidal indenter. (b) Schematic
of a load-displacement trace [54].

Therefore, the method of choice for hardness measemts of thin films is depth sensing
indentation or nano indentation. Here, the depttperetration of an indenter into the
sample material and the applied load are recoraed pdotted in a load-displacement
curve. From the load displacement traces (Fig. )6atidl the known geometry of the
indenter the hardness and indentation modulus eataleulated. This requires however a
well defined geometry of the indenter. In this warBerkovich tip was utilized, which has
the form of a three sided pyramid with a face-arajl65.27° [188]. Another advantage of
nano-indentation is, that the small indentationaeas well as the computer controlled
measuring equipment, allow a high number of indemtsone sample, which provides

excellent statistics and therefore good and repibtiihardness and modulus data.

The Oliver and Pharr method is widely accepted dwaluation of load-displacement
curves and was also applied in this work. It useswer law relation to fit the unloading
segment of the load-displacement curve. Accordinthé standard only the upper 80% of

the unloading curve should be fitted for propédifrstiss evaluation [190].

Here, the hardness of the produced coatings wa®mgtmeasured in the as-deposited
state but also after annealing to investigate riflaence of microstructural changes on the
mechanical properties. An example of such hardaessus annealing temperature curves

is presented in Fig. 6.5.

The figure clearly demonstrates how thermally atgd processes like recovery and
decomposition —discussed in detail in chapter 1ekd to increases and decreases in
hardness. Further, the intrinsically lower hardnessthe hexagonal wurtzite AIN as

compared to NaCl TiN is mirrored by the bimodal iculand hexagonal §iiAlo.57Y 0.0dN,
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and hexagonal TkgAlossYoo0d\N coatings which have hardnesses of 23.54+1.39 and
22.21+0.44 GPa, respectively, as compared to sipgbse cubic-BissAlgsdN with an
averaged hardness of 34.59+2.83 GPa at room tetapera

—@— Tig.45Alp.55N —@— Tig 41Alg.57Y 0.0eN —@— Tig 38Al0.53Y 0.00N

40
38
361
34
32
30
Q 28]
I -5
24
22
204
;- I——
0 200 400 600 800 1000 1200
T (°C)

GPa)

Fig. 6.5. Hardness distribution with annealing tenapure of single phase cubicydAlgsdN,
bimodal cubic- and hexagonalyLiAl o s7Y 0.02N, and hexagonal §igAl g 53Y o.0dN.
Further details on this investigation are providedef. [191]. In this thesis investigations
of hardness and elastic modulus are presentedralsablication | and publication V for

Al-Au coatings and (TixAlx)1yYyN, respectively.

6.3 Substrate Ductility

When a coating is applied there is always atomistieraction between the condensing
material and the substrate at deposition temperaitmough ion bombardment or diffusion.
Also, in subsequent annealing steps coating totsabsinteraction may occur through
interdiffusion of coating material in the substrated vice versa resulting in a disturbed
and mixed zone which may span from a couple of metes to hundreds of micrometer

or more.

For brittle substrate materials, suchyaBAIl based alloys, this interaction is from esgeci

interest as it leads to a further deterioratioricafghness and ductility. Therefore, in this
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thesis the influence of coatings on the ductilityay-TiAl base alloy was investigated by

four-point-bending tests.

Fig. 6.6. Setup of the four-point-bending test asdufor the investigations in this
thesis — Publication VI [24, 127].

In this destructive test a sample is positioned abd in a universal testing machine. An
upper stamp provides an increasing force untilsdn@ple breaks. A typical experimental
arrangement is presented in Fig. 6.6. From thesfesrsus cross-head displacement traces
the bending strengtR,;, is calculated according to [192, 193]:

3FI(1-1,)
T2 ph?

(6.2)

whereF is the applied forcd, is the distance between the lower roljsis the distance
between the upper rollg, is the width of the sample andits thickness. The maximum

bending angler as well as the strainin the outer fibre are given by

f
a =2[arcta )
05 -1, (6:3)
and
4(hlf [c
£= o (6.4)

wheref is the cross-head displacements a geometry factor for the bending cell, which

was 0.27 for the Zwick instrument used inhere [2%].

The effect on the ductility of different coatingppdied on a Ti-47AI-2Cr-0.2Sy-TiAl
based alloy is presented in Fig. 6.7. The uncoatatkrial has aR,, of 89355 MPa and
ana of 39.0+2.2°. Applying PVD CrAlYN or AlAu coatings ony-TiAl results in small
decreases iRy, to 855+26 and 865+8.5 MPa, respectively (Fig. 6.Tae bending angle

however shows stronger decreases due to the irthieriéteness of the coatings and is
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23.3£2.5° for CrAlYN coated, and 27.3+0.3° for Al coatedy-TiAl (Fig. 6.7b).
Nevertheless, the performance of the PVD coatisgsimilar or better than found for
commercial coatings like plasma-sprayed CoNiCrAdyid pack-cementated Al-Cr or Ni-
Al. Especially the pack-cementated coatings leadttongly decreased ductility of the
investigatedy-TiAl based alloy, which has only &y, of ~420 and 270 MPa arwd below
10° when Al-Cr or Al-Ni coatings are applied, resipeely.

() g00] (b) 40
500 ] 35
™ S
g o0 E’ 20
& 50 :%” 15
400 § 10,
300 5)
200} o.

AP PP (ot o A

Fig. 6.7. Bending strength (a) and bending angl®f{lnncoated and coatgeTiAl.

The investigations on the influence of coatings aritlation on the bending strenggh

TiAl is presented in full detail in publication Y24].
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7 Thermal Stability

Upon thermal load, processes in materials are atetiy allowing them to reach a low
energy state. These processes are always accompmnaomistic and structural changes
and may lead to stress relaxation through recovamyg recrystallization. During
decomposition or transformation from metastablespbhainto their stable constituents
stresses and strains can even increase. Ther@fasegssential in the development of
protective coatings, to acquire good knowledge amtkrstanding on extent and activation
of such processes [37, 43, 83, 177].

Further, one key requirement for the herein dewedogoatings is to provide effective and
sustained protection against oxidation/afiAl base alloys. Consequently, this mechanism

was studied in detail.

7.1 Thermally Activated Processes

Macroscopic changes in composition due to the nandwtion of individual atoms are

called diffusion. Diffusion is a spontaneous pracesd simply the statistically outcome of
random motion, which may be driven by concentragoadients. Diffusion increases the
entropy of a system and generally allows for desgsan the Gibbs free energy, and is

therefore the requirement for an energeticallyetriprocess [176, 180].

There are several mechanisms of diffusion, whi¢meéd a certain thermal activation.
Generally, the diffusion coefficienD determines the amount of observable transport
commonly in crfis, is depending on both, the diffusing species &mel diffusion
environment (lattice, grain-boundary, surface), amttreases exponentially with

temperature according to the Maxwell-Boltzmanntreta

-
D - D0 B} kT ' (71)

where Dy is the diffusion constant, depending amongst stloer diffusing species and

lattice, Q is the activation energ¥s is the Boltzmann constant afdis the temperature
[83, 180].

For interstitial solid solutions an atom can jurogthe neighbouring interstitial lattice site.
If the interstitial atom is small diffusion can basy. For substitutional atoms diffusion is
more difficult as the neighbouring lattice sitenst likely occupied. Some possibilities
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for atomic exchange are presented in Fig. 7.1, tlkect atomic exchange (5), ring
exchange (4), interstitial jumps (3, 2), or the puto a vacancy position (1). Of the above
mentioned mechanisms the interstitial has the sstalictivation energy and is therefore
the most likely to occur, whereas the activatioergg for a direct atomic exchange is
relatively high [180]. Vacancy diffusion plays aghirole in crystalline films due to the
high defect density from the low temperature groadih of the vapour phase (see chapter
6.1.1).

O
@)
OOO

0-3-0-0

o

e O%@O

0-0 oégo%@éog
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Fig. 7.1. Mechanisms of self diffusion: (1) jumpwacancy, (2) direct interstitial jump,
(3) indirect interstitial jump, (4) ring exchand®) atomic exchange, (6) crowdion [180].

As the movement of atoms on a surface or interfadess disturbed, diffusion is much
faster there. Thus, the activation energies folingobaundary, dislocation and surface
diffusion are lower than for lattice diffusion. Czegquently, such heterogeneities or defects
serve as diffusion paths, which short circuit th#&ide. Small grain sizes, high defect
densities and a large surface-to-bulk ratio in P¥D films make diffusion along these
pathways the dominating mechanism for coating rraserDiffusion through the lattice

needs higher activation and therefore will onsétiglher temperatures [83, 176, 180].

An example for high temperature diffusion of Aurfr@lecomposing AAu into they-TiAl
substrate material is presented in Fig. 5.1. Aln kyers form through Al surface diffusion
by the formation of AlO;. These are the source for further Au diffusioro WTiAl along

grain boundaries, which are clearly visible by tigh Au mass contrast.

7.1.1 Recovery and Recrystallization

Recovery and recrystallization occur in any crystéth a large concentration of non-
equilibrium defects. This is highly valid for PVDoatings, where recovery and

recrystallization processes will take place uponeating at elevated temperature. These
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processes result in a modified coating microstmecaind consequently changed properties
[177].

During recovery crystal defects heal in severafjetaaccording to their thermodynamic
stability. The extent of recovery depends on anngdime and temperature, as well as on
the energy stored in the crystal matrix (stresstmin), which can further act as driving
forces. Recovery includes processes like the glbhvacancies by interstitial atoms, or the
condensation of vacancies to vacancy clustershégyrtlislocations can annihilate through
gliding, climbing or cross slipping, depending ¢ t(stored) energy available. If excess
dislocations can not be removed by annihilatiorgytiwill move into low energy

configurations in the form of regular arrays or langle grain boundaries [83, 106, 180].

Recrystallization involves the formation of newwl@nergy and strain free grains, which
subsequently grow on the expense of the original recovered microstructure.
Recrystallization occurs through the formation amdvement of high angle grain
boundaries, and the removal of residual latticeectsf This is in contrast to recovery
which comprises only the rearrangement and antiibrilaof point and line defects. Driven
by a dislocation density gradient, the kinetic @fnystallization is dependent on nucleation
and growth energies and is described by the S-ghdpbnson-Mehl-Avrami equation.
After an incubation time, needed for nucleation retrystallization, the fraction of
recrystallized material rises rapidly until two stgls impinge on each other, resulting in a
decreasing recrystallization rate until zero at fécrystallization. After thisprimary
recrystallizationprocess, aecondaryecrystallizationmay follow, which is characterized
by the growth of larger grains on the expense ailsames [83, 106, 176, 180].

As mentioned, recovery and recrystallization arevesir by the need to reduce stored
energy in the lattice. Consequently, these prosesse accompanied by decreases in
coating stress which can be investigated by a &lisstiess temperature measurement as
shown in Fig. 7.2. Here, biaxial stresses are aedlyn-situ during vacuum annealing up
to 700 °C from the measured curvaturedf a Si(100) substrate using the modified Stony

method [194-196]:
2
J:iti 1_1 , (7.2)
1-vg 6. (r 1,
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where g is the biaxial stress and the first teBa(1-v9) " is the biaxial elastic modulus of
the substrateys is the Poisson’s ratio of the substrate apdndicates the radius of
curvature prior to depositionts and tc denote the substrate and coating thickness,
respectively. If the coating is very thin compared the substrate (1GQ-< tg) and
comparable elastic moduli are given for the coaing substrate, the Stony equation is
valid and the error involved in the equation isalgusmaller than the experimental error
of approximately 5% [194-196].
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Fig. 7.2. Biaxial-stress temperature measuremetie ®f the AbJAu (Al/Au = 2.0) coating.
The onset temperatures of recoveryQrand recrystallization are indicated(J).

In the as deposited state, at room temperatureAli#au film has tensile stresses of 0.31
GPa. Heating the film-substrate composite leadsreduction of tensile stresses indicating
that the coefficient of thermal expansionis larger than that of the silicon substrate
(0s=3.55x10° K™) [197]. During heating and cooling, the film/sulasé composite
follows the linear thermo-elastic line for temperas where no recovery, recrystallization
or plastic deformation takes place [198, 199]. Tihear thermo-elastic behavior of the
single-phase AAu film ranges from 25 to 475 °C, well beyond thepdsition temperature
of 300 °C. The deviation above 475 °C suggeststiset of recovery which is followed by
recrystallization above 575 °C — i.e. 0.65 of tlmenlblogues temperature for Alu (T, =
1060 °C)- and the subsequent reduction of therniadlyced compressive stresses. Upon
cooling at temperatures below 200 °C, crack foramatiesults in a deviation from the
thermo-elastic behavior, see Fig. 7.2. More detailghe biaxial measurements done on

the Al-Au coatings are provided in publication II.
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7.1.2 Decomposition

In a solid solution the driving force of a systemdiecompose is described by the mixing
enthalpyHo. It is the energy a system of A and B atoms géihs > 0) or looses by
creating AB-bonds from AA- and BB- bonds. TherefastaenHy > 0 a solid solution will

decompose into its stable constituents.

Decomposition can take two pathways as presentEayiry.3. In continues decomposition
(Fig. 7.3a) seed crystals form though thermal @latibns. These seed crystals have a
composition far from the matrix, but close to tlencentration of the equilibrium phase
C2. When a critical crystallite size is reached, tp@ins can grow further by atomic
diffusion processes creating a depletion zone afdis in the solid solution by the growth
and enrichment of the B crystallites formed [516,1780].

(b) En disthce

distance

Fig. 7.3. Two possible pathways of decompositian—¢tt, — t.). (a) through
nucleation and growth of a second phase (downlfiigion) and (b) through
spinodal decomposition (uphill diffusion)., cand ¢ are the equilibrium
concentration of decomposed phases (modified ftofa]).

In contrast to the continues decomposition, whejuires a certain incubation time for the
creation of a super-critical crystallite, the smlabdecomposition is a spontaneous process,
where the equilibrium concentration is not reaciadhediately but through continues

amplification until thermal equilibrium is reach&dy. 7.3b.

Generally, spinodal decomposition requires a sstitlition composition in a miscibility
gap near the maximum of the free energy versuserdration distribution as presented in
Fig. 7.4. At decomposition at the concentratigrihe free energy of the solid solution is
given by the energy G which is higher than the free energy of the dguosed material
Gip, given by the line £ — ¢;”. Therefore, decomposition into the solid congtiits is
accompanied by a gain of free energy, which angdlifivith further decomposition.

Diffusion in spinodal decomposition moves in direntof concentration increase (uphill
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diffusion) in contrast to the concentration equditoon in continuous decomposition. As a
consequence of the above, spinodal decompositibmiied to the fraction of the G vs. ¢
curve which is concavely bend, the region betwd®sn tivo inflection points, where
0°G/ac’>=0. Thus, whemd’G/dc’<0 a solution is intrinsically unstable and willpraly
decompose into two phases via spinodal decomppsitibereas iB°G/dc*>0 the solution
is metastable and phase separation will take pleceontinuous decomposition [176, 180,
200].

&Gloc’=0

Fig. 7.4. Free energy distribution versus concéiomaof phase B at a constant
temperature (modified from [180]).

Spinodal decomposition was observed and calcultated’i;AlxN, where the spinodal
decomposition at room temperature is predicted éetwAIN mole fractions x ~ 0.20 —
0.99 [43, 51, 201]. In Fig. 6.5 (chapter 7.2)4AlosdN was found with a hardness
maximum at 950 °C which is alleged to spinodal degosition. At this temperature the
calculated phase-diagram, showing the binodal gmaodal of Ti«AlxN [51], predicts
spinodal decomposition of JisAlpsgN at 950 °C into 64 mole% c-d#AlosdN and 36
mole% c-TpolAloodN. The further separation into the thermodynamycatitable

constituents requires nucleation processes.

7.1.3 Oxidation

Oxidation is generally described as a chemicaltr@aavhere one reactant is an electron
donator and another is an electron acceptor. Tier ig reduced by the electron addition.
Therefore, oxidation chemically describes the laisslectrons and is always accompanied
by a reduction reaction which is described as #ie gf electrons [202].
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At ambient temperatures engineering materials #@heerealready oxidized, or an oxide
layer protects the underlying material from furtb&rdation or slows down the reaction to
very long time scales. Thus, at ambient temperaixi@ation is not often of real concern,
whereas required activation energies can be exdestdelevated temperatures leading to

drastically increased oxidation rates.

If an oxide is stable and non-volatile it remains the metal surface resulting in the
formation of an oxide scale, which forms in depeatwdeof the reactant diffusion rates, the
rate of oxygen supply to the outer surface, andntbé&r volume ratio of oxide to metal.

The rate of oxidation is controlled by the slowpsicess at any given time. Due to the
formation of oxides and the accompanied incorponatif oxygen atoms to the material,
oxidation occurs with an increase in mass which banmeasured. The formation of

volatile oxides results in the reduction of samplght [202-204].

These time dependent weight increases at a cedaiperature are divided into three
categories dependent on the shape of the weightvgasus time plot [202]:

(@) Linear growth for which the rate of reaction is independentiofe. This form is
observed when the oxide is unable to hinder furdemess of oxygen to the metal
surface, or if the oxide scale is not covering ¢inéire sample surface. Linear scale
growth is typical for high temperatures.

(b) Parabolic growth where the mass increase distribution is inverpebportional to
the square root of time. Here diffusion through Huale is the rate determining
factor, as transport of metal and oxide ions besosh@ver with scale thickness. The
parabolic law is common for most metals.

(c) Logarithmic growth where after fast initial oxide formation, the daiion reaction
reduces to nearly zero. This scale growth law isrobbserved at low temperatures
of up to 400 °C, when a dense oxide layer formsiciwhmpedes oxide inward

diffusion. A typical example is aluminium below %0.

The diffusion of species through a forming oxidaleds schematically presented in Fig.
7.5. Here the scale growth is governed by the idwdiffusion of anions (oxygen) and
cation vacancies (holes})hand the outward diffusion of metal cations aretebns. This
ionic transport across the growing oxide layer ometthe rate of scale increase. Charge
neutrality is achieved by the movement bfand &
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Fig. 7.5. Simplified model for diffusion controllexidation (modified from [96, 202]).

As discussed above, diffusion is faster along sedaand grain boundaries (chapter 7.1).
Therefore, these interfaces also act as pathwaysxfdation [202-204]. Reactive elements
such as yttrium are beneficial for oxide scale dloas they segregate to the metal-oxide
scale interface and scale grain boundaries. Thiiis interfacial void growth, which is
improving scale adhesion. The diffusion of RE outivalong grain boundaries inhibits

outward cation transport [11].

The above is only a very brief discussion of theplex field of oxidation. More detailed
information on the theory and oxidation protectiv@s is given in Refs. [202-206].
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Fig. 7.6. Specific mass change as a function oé titaring isothermal oxidation in air
at 800 °C of AJAu coated, CrAlYN coated and Ni-Al coatedTiAl compared to
uncoated/-TiAl (Publication VI [127]).

An example for an oxidation investigation conductedhe framework of this thesis is
presented in Fig. 7.6 by a plot of the specific sngain at 800 °C of uncoated,,Al, and
CrAlYN coated-, and Ni-Al pack-cementgeTiAl [127]. The unprotecteg-TiAl exhibits
a rapidly increasing mass gain to 1.45+0.15 an@#0g8 mg/crfi for t = 168 and 672 h,

respectively. The coated materials have a muchrlowass gain which is only 0.79+0.002

Martin Moser 55



Thermal Stability

and 0.12+0.003 mg/chrafter 672 h at 800 °C for Mu and CrAlYN, respectively. The
specific mass gain of Ni-Al coatedTiAl of ~0.8 mg/cnf is comparable to AAu but
almost 8 times higher than for CrAIYN coatgliAl. However, the shape indicates a
logarithmic mass gain law, whereas the oxidationalveur of AbAu fits to a parabolic
function [15, 23]. Excellent oxidation behaviour abserved for the CrAIYN coating,

which can be related to the oxidation retarding@fbf the reactive element Y [207].

More details on oxidation testing and subsequerticg material investigations are

presented in publication VI [127].

7.2 Thermal Analysis

The term thermal analysis generally refers to messent methods where physical and/or
chemical properties of a substance are determisea fanction of time or temperature

during exposure to a controlled temperature prod2i8, 209].

In this thesis simultaneous thermal analyses (STWas utilized, which combines
differential scanning calorimetry (DSC), thermoagnaetric analysis (TGA), and mass
spectrometry (MS).

DSC is a technique which measures the heat quanétyenthalpy, which is generated or
consumed during a physical or chemical reactioracRens that result in an enthalpy
increase are called endothermic and include me#thmjevaporation. When the enthalpy is
decreased the reaction is termed exothermic. Seabtions include decomposition or
crystallization. The heat flow to or from a sampdeanalysed by using a differential
thermocouple that measures the temperature differdmetween the sample and a
reference. Mass changes due to evaporation, oardati chemical reactions are measured
by TGA. The measurement is done by electromagnigticaoptoelectrically compensated
balances. The mass spectrometer measures theo@dss@e ratio of evaporated patrticles.

More details on the MS unit are given in Refs. [22@9].

Accordingly, STA allows a combined investigatiordacorrelation of chemical reactions,
their influence on sample mass, and the associd&tdrmination of evaporated or

consumed species.

In this thesis thermal decomposition in inert atpiese as well as under oxidative

conditions was investigated by STA mostly by thetswous (dynamic) method at a
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constant heating rate, whereas oxidation was atsutored by isothermal measurements.
The scans were conducted on powdered coating ralaterion films deposited on inert
substrates [35, 36, 191]. More details on the usguipment, sampling technique and

temperature program are given in Refs. [54, 96].

An STA investigation of (TiLkAlx)1yYyN films with y =0, 2, 9 at.% Y is presented in Fig
7.7. Powders of the coatings after chemical remdk@h the low alloyed steel foil
substrates [35, 191, 210] are heated in inert Awaphere to 1400 °C at a constant heating
rate of 20 °C/min. Together with the hardness \&tsmperature plot shown in Fig. 6.5
and XRD pattern taken after sample annealing topégatures slightly higher than the
corresponding DSC peaks (not shown here), the #ledecomposition of the (TjAlx)1-

yYyN coatings can be interpreted as follows:

During heating of the (TiAlx)1yYyN films four exothermic reactions (a, b, ¢, and d
indicated in Fig. 7.7) appear, which, however, hdifferent origins depending on the Y
mole fraction and the concomitantly different mgtrocture (see chapter 3.2.2, Fig. 3.4).

The Th4sAlosgN coating (Fig. 7.7, black line) has a single phasbic microstructure.
Upon annealing to around the deposition temperaifigb0 °C, a decrease in hardness is
observed but no changes in the XRD pattern. Théhermic reaction @n the DSC curve
Fig. 7.7a is therefore attributed to recovery agldxation processes. A strong increase in
hardness to ~38 GPa (from ~35 GPa at room temperattig. 6.5) is observed at 950 °C,
the temperature of the second reaction Wwhich is associated with the formation of
coherent cubic AIN rich domains through spinodalaieposition of Tj 45Al o s9\. At 1100
°C, the peak temperature of the third reactigntlte coating hardness has decreased to
below 30 GPa. By XRD cubic TiN reflexes can be diteé along with c-AIN and c-Ti
xAlyN. The hardness decrease therefore results formddmemposition of the solid
solution into TiN and the coarsening of c-AIN domaiReaction glat ~1300 °C is alleged
to the transformation of c-AIN to hexagonal AIN,dato recrystallization through the total
decomposition of the residual solid solution toisF&nd h-AIN. This exothermic reaction
is superimposed by the endothermic evaporationupgrsstoichiometric nitrogen. This
evaporation process is accompanied by a decreasample mass as shown in the TGA
scan Fig. 7.7b and identified by MS in Fig. 7.7c gnitoring the N content in the

instrument atmosphere.
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Tio4Alos7Y 00N (Fig. 7.7, red line) has a mixed cubic and hexadjanicrostructure,
resulting in a hardness of only 23.5 GPa at roomp&rature. Upon annealing to above
450 °C, the onset temperature of the first exotihereaction aobserved in the DSC scan
(Fig. 7.7a) is again associated with recovery éfeReaction phas a slightly higher
enthalpy than bof the Y free film. It is an effect of the decongeon of c-ThAlxN
domains, which is accompanied by the formation -8 and hexagonal-Ti,AlxN, as
indicated by the increase in peak intensity in XD pattern above 900 °C. Around the
temperature of bthe hardness increases to 25.6 GPa and incraatiesrfto a peak value
of 28.2 GPa at ~1100 °C (Fig. 6.5). This correspotulthe temperature of reactiopn c
which origins from the formation of c-TiN and h-Aldlomains and resulting increased
lattice strain. Reaction,cexhibits recrystallization and is accompanied byass loss of

nitrogen (Fig. 7.7b) as observed for thg 45\l o 59\ coating.
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Fig. 7.7. Simultaneous thermal analysis in Ar atph@se of single phase cubicgEiAlgs8N (0
at.% Y), bimodal cubic- and hexagonal o FiAlgs7YooN (2 at% Y), and hexagonal
Tig.3A0.53Y 0.00N (9 at.% Y): (a) DSC, (b) TGA, (c) MS monitoring [491].

The (ThAly)1yYyN coating with 9 at.% (Fig. 7.7, blue line) has ramarily hexagonal
microstructure and a hardness of only 22.3 GPaanrtemperature. After recovery and
relaxation above 500 °C (DSC reaction), afirst c-YN and h-AIN evolve from
decomposition of the solid solution. The subseduédntreased lattice strain results in a
slightly higher hardness of 24.1 GPa, which furtinereases to 25.1 at 1000 °C (Fig. 6.5).
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The latter increase is a result of the formatiore-dfiN from hexagonal (TixAlx)1YyN.
Annealing to even higher temperatures abagvieads to a decrease in hardness due to the
decomposition of the residual cubic- and hexagg@hial,Alx)1,YyN solid solution and the
formation of c-TiN and h-AIN domains. At the tematre of ¢, the equilibrium phases
recrystallize and YN domains coarsen. This react®nagain superimposed by the
evaporation of W (Fig. 7.7c) and the subsequent mass loss (Fid).7.7
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8 Summary and Conclusion

y-TiAl based alloys are considered for high tempematapplications in aerospace and
automotive industry due to their numerous attracproperties like low density, high yield
strength and good creep resistance. However, ihlearently low ductility and the fast
formation of non protective Ti{scale upon oxidation above 750 °C limit theirimétion

at elevated temperatures. Therefore, coating systemwe to be developed which not only
provide protection against oxidation and high terapee corrosion, but can also preserve

the mechanical properties of this class of alloys.

The structural evolution in dependence of coatimgposition and its influence on thermal
stability, oxidation resistance and interaction hwihe y-TiAl substrate material was
investigated by two model PVD coating systems, tietdims based on the intermetallic

Al,Au phase and transition-metal nitride films based'® sAlo sN.

Al-Au coatings with Al/Au at.% ratios between 1.8md 4.32 were developed by
unbalanced magnetron sputtering. Despite the ntgjphiase in all films is the Zintl-type
intermetallic AbAu, the microstructures of the various coatingsfedifsignificantly.
Coatings with high Al contents like Al/Au = 4.32vea binary microstructure, with a
platelet like assembly of Al and Mu phases of which the latter features layered
nanosegregation of Al within its domains. When §lare produced with high Au contents,
i.e. Al/Au = 1.85, they grow with a globular, egxéal and porous ternary phase structure
composed of AlAu, AlAu, and Au. A dense columnar structure withoeg (311) texture

Is observed for single phase,Al. This phase has the highest energy of formadimong
neighbouring intermetallic phases. Consequentlfgrins first upon nucleation. When the
Al/Au atomic ratio in the vapour is 2, single-phasleAu grows competitively according
to zone T, resulting in the observed columnar stngc at larger coating thicknesses.
During deposition of a film with Al/Au = 4.32 thereunt of Al, which is not consumed
for Al,Au formation, segregates to form Al domains. Dueh® limited time during this
diffusionally governed growth process, excess Ai® also nanosegregations within the
Al,Au domains. During growth of the Al/Au = 1.85 cowgj the intermetallic phases

nucleate and grow according to their heats of foiona(E; , ,, > E; xa,) The metallic

Au phase forms metastable as a consequence afrtibed atomic assembly kinetics often

observed during low temperature plasma assistedwageposition and transforms into
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intermetallic AIAw and further to AlAu and AIAu upon annealing. The formation of
voids in this coating is attributed to the Kirkefidgffect. Due to the metallic phases and
pores present in the coatings with high concemtnadif Al and Au, these films have lower

hardnesses but are tougher than the single phase Alm.

As a consequence of the different morphologiessthectural stability upon thermal load
varies dramatically with coating composition. Iratiags with high Au contents, i.e. Al/Au
= 1.85, AlAu and AlAuy intermetallic phases, formed during deposition &man the
metastable Au phase, melt at ~625 °C, whereasoatirggs with Al/Au = 4.32 nanometer
scale Al segregations encapsulated within th&dlldomains result in a reduction of the
melting point of Al to 575 °C. Therefore, as theattogs with high Al or Au ratios grow
phases with low melting points, theses materiaés rast suitable as high temperature

protective films.

A single-phase ARu coating, on the other hand, showed no detectatdss gain by
oxidation in dynamic thermal analyses up to its tmgl point of 1060 °C. High-
temperature XRD reveals Mu with a retained microstructure up to a temperatf 850
°C, where A}O; formation through Al depletion is observed.,®@4 forms a dense and
protective scale resulting in a logarithmic mas# deehaviour in thermal cycling tests at
750 and 850 °C for 1000 h, and a considerably lomass gain than observed for

unprotected-TiAl.

Therefore, single-phase Mu provides excellent oxidation protection up tonferatures

of 850 °C due to the formation of a dense@lscale.

Mechanical testing of an Au coatedy-TiAl after one month of oxidation at 800 °C
revealed an unacceptable decrease in ductilith@bise material, due to the diffusion of

Au along grain boundaries into tiliAl substrate.

Metastable solid-solution TjAIxN films have excellent physical, mechanical and
chemical properties when they are grown in thectdgic NaCl structure. The addition of
the reactive element yttrium is beneficial for ihgprovement of oxidation resistance in
many materials as Y segregates to scale grain lao@sdand inhibits outward cation
transport. Therefore, one of the principle tasksthis thesis was to investigate the
influence of yttrium addition on microstructure, chanical properties and thermal
stability of Ty 45Alo 59N coatings.
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Based on XRD and TEM investigations it is revedtdtere that the cubic stability range
of Ti;-xAlxN is shifted to lower AIN mole fractions with theldition of yttrium. Alloying
only 1 at.% Y to single-phase cubic 14Alo 59N results in the formation of a binary phase
composition of cubic- and hexagonal-(JAlx)1.yYyN. A coating with y = 8 at.% Y already
has a predominantly hexagonal microstructure. Afmincalculations and XRD peak
analyses show that Y substitutes for Al and Ti e tsolid-solution lattice, and
preferentially occupies lattice positions in thexdgonal phase. Calculations of the energy
of formation of cubic- and hexagonal modificatioof Tii,AlxN and (TiAlx)1yYyN
predict that the addition of 12.5 at.% yttrium to;JAI\N decreases the metastable
solubility limit of the cubic structure by 23% frot69 to 0.56 AIN mole fractions.

Due to the intrinsically lower mechanical propestend decreased oxidation resistance of
the hexagonal phase, cubic {(JAl,)1,YyN films with maximum Al content have to be

produced to guarantee a sustained protection gfThal substrate material.

Applying bi-polar pulsed DC magnetron sputteringhAlow frequencies and long positive
pulse duration results in the formation of singhl&ge cubic (TiAlx)1-yYyN coatings with

y = 2 at.% Y. This improvement in phase composittan be accounted for by modified
plasma conditions such as increased electron tetyses and ion-to-metal ratios with
increasing pulse durations. These changes areefuattcompanied by an increasing Ti/Al

at.% ratio.

In addition to the modified phase composition alse coating morphology of bi-polar
pulsed DC magnetron sputtered ;G/Aly)1yYyN films changes in dependence of the
positive pulse length. When coatings are prepase®® magnetron sputtering, i.e. the
positive pulse length is zero, or with low positigalse lengths, the films grow with a
cubic <200> texture at the interface near regioth whe growth direction perpendicular to
the substrate surface. With increasing coatingktiéss and consequently increasing
accumulating strain energies the <111> orientatlmecomes preferred, which is
accompanied by the formation of <0002> orientatexilgonal crystals. As a consequence
of the combined growth and an orientation relatbmiween <111> cubic and <0002>
hexagonal phases, the columnar structure in thie Ze tilted to the substrate normal.
However, with increasing positive pulse duratiomsl aherefore increasing ion-to-metal

ratios in the vapour flux and Ti/Al at.% ratios tine coating, the cubic <200> textured
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microstructure is stabilized to larger thicknesseseven throughout the total coating

diameter.

Therefore, at longest positive pulse durationslandpulse frequencies single-phase cubic
(TixAlx)1yYyN coatings with <200> texture can be grown, whi@véeh the excellent
mechanical properties of LAIN films and increased oxidation stability due tee th

incorporation of yttrium.

In conclusion, by systematically analysing the mwstructure and evolution of two
inherently different coating systems this work pdas important pathways for the further
development of protective coatings fgiTiAl based alloys. It is demonstrated that the
PVD process is an excellent tool for protectivetic@pdeposition, and is especially fgr
TiAl superior to processes like pack-cementation etectro-plating which are well
established for Ni-base superalloy protection. Mnadess, future coating designs have to
adopt system approachesyefiAl alloys, which are not sensitive to the depiasi process
and subsequent coating-substrate interaction, dnd ooating material that provides
effective and sustained protection for the substrat
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Abstract

Intermetallic Al-based coatings such as Al-Ni, Al-@nd Al-Pt are widely used as bond
coats and/or as oxidation protection of turbinedefa Investigations during earlier work
indicated promising thermal stability and oxidati@sistance of intermetallic #u based
coatings. Hence, here we study in detail the miawoture and mechanical properties of
unbalanced magnetron sputtered Al-Au films withAdi/at% ratios of 1.85, 2.00, and
4.32. The film with an Al/Au ratio of 2.00 has angie-phase AAu dense columnar
structure in the as-deposited state and a hardifes8 GPa. With increasing Al and Au
content the morphology changes into a more equiakedture with additional Al, AlAu
and Au phases, respectively. During growth, exédssf the film with an Al/Au ratio of
4.32 forms lamellar nano-segregations (~3 nm thick)the AbAu domains. The
simultaneous nucleation and growth obA, AlAu, and Au phases in the coatings with
an Al/Au ratio of 1.85, with their different growtmechanisms leads to the formation of
pores having an average size of ~150 nm. Thesead Au-rich films, compared to
Al,Au, have reduced hardnesses of ~4 and ~2 GPactegbg due to the additional soft
metallic phases and pores present. Our results shatvwithin the Al-Au system the
single-phase intermetallic AAu films exhibit the best structural and mechanmalperties

for protecting oxidation sensitive materials.

Key words: AbAu, Ab initio, HRTEM, protective coating
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Introduction

The Al-Au system was already investigated as easlin the year 1890 by Roberts-Austen
[1] describing the purple colored intermetallic,All phase and its high melting point.
Al,Au has a homogeneity range between 32.9 and 3% 9Aat at room temperature and
crystallizes in an fcc, CaRype structure. The melting point of Alu is ~1600°C
according to the binary phase diagram [2,3].

This intermetallic compound is known to the micemttonics community as the source of
the so called “purple-plagu¢4], as it forms when gold wires are bonded to ahiom
surfaces or vice versa and often leads to mecHafaitare due to its intrinsic brittleness
and Kirkendall voids forming from uneven diffusioates of Au and Al [5,6]. However,

bulk Al,Au is reported to be fairly resistant against okma[6,7].

In an earlier paper about the optical and tribaabiproperties of AlAu-based films to
serve as colored low-friction top-coats on coatedtimy tools we demonstrated that
coatings from the Al-Au system can be producedridyalanced magnetron sputtering [8].

Here we investigate the structural and mechanicapgrties of single-phase Au
coatings with respect to films having higher Al alud contents to develop the structural
evolution and to obtain the mechanical propertige hardness, elastic modulus, and
qualitative fracture toughness.

Experimental Details

Coatings with different Al/Au at% ratios are depgedi on Si(100), Sapphire, and low
alloyed steel substrates in a magnetically unbadmeagnetron sputtering system using an
Al target (99.999% purityl1150 mm x 6 mm) and varying amounts of Au inletslQ
mm, 2 mm thick) on the target race track in an 89.999%) glow discharge. In all
deposition runs substrates are placed paralleh¢otarget at a distance of 8 cm, the
substrate temperature was 300 °C, the bias voleage -85 V, and the sputter power
density was 2.7 W/ct The base pressure in the system was 2 mPa anothéng gas
pressure was set to 0.6 Pa. The metallographicabynd and polished substrates are
ultrasonically cleaned with acetone and ethyleme, are ion-etched within the chamber

prior to deposition using an Ar pressure of 0.8aRd applying -1250 V. Depending on the
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individual investigations the deposition time washe range of 30 to 120 minutes yielding
coating thicknesses between 2.5 and 8 um.

Ab initio calculations of AlAu are based on the density-functional theory, giie VASP
code [9,10] in conjunction with the generalized-gradieapproximations projector
augmented wave potentials [11]. Relaxation convergef 1.0 meV for ions and 0.1 meV
for electrons, reciprocal-space integration witiMankhorst-Pack scheme [12], energy
cutoff of 500 eV, and tetrahedron method with Bldatrrectiond13] for the energy were
used in the calculations. The volumes, total emstgand bulk moduli at equilibrium were
obtained by a least-square fit of the calculatédl tenergy over volume curves employing
the Birch-Murnaghan’s equation of state [14]. A difgs grid of 5x5x5 is used for all

calculations of the supercell built by 12 atoms.

The microstructure of the different films was intigated using a Siemens D500 Bragg-
Brentano X-ray diffractometer with CueKradiation in the @ range 20—70 deg. Coating
morphology was examined using scanning electrorraseopy (SEM; ZEISS EVO 50)
and transmission electron microscopy (TEM; JEOL (Q1equipped with Oxford
Instruments energy dispersive spectrometry) andcanrsng transmission electron
microscopy (STEM) unit. The chemical composition thé films was determined by
energy dispersive X-ray analysis (EDX; Oxford Instents INCA) during SEM
investigations. Quantification was performed refkatio an internal standard single-phase
intermetallic AbAu film which exhibited no additional phases aft&amealing in vacuum
up to 700 °C during XRD.

Mechanical properties, such as hardness of inderftfdT) and modules of indentation
(EIT) are determined from unloading segments ofdidesplacement curves during
computer controlled indentation tests using a Fsstope H100 and a maximum load of
35 mN. The presented values are averaged from snuomnm of 20 indents. A load of 800
mN was used to investigate the crack formationhef films coated on Si substrates and

thereby estimate qualitatively their fracture tongs.

Results and Discussion

The coatings prepared have Al/Au at% ratios of 1880, and 4.32 when 10.5%, 8.8%,

and 5.9% of the total target surface area are edviey Au, respectively. Both the oxygen
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and nitrogen content in the films are below theadigbn limit and error of ~1 at% of the
used EDX equipment. The predominate phase in ¢tmsfis intermetallic Al/Au which
crystallizes in the cubic Cafstructure in which Al is located in the tetrahddiges of an
fcc unit cell formed by Au-atoms (see Fig. 1a).1935 Dehlinger proposed that,Au
belongs to the group of intermetallic salt-like #iRhases with the Al-atoms acting as
anionic components by building a metallic sublattichich occupies the valence electrons
from the Au-atoms acting as cations [15]. Thuspatiauous transition between a fully
metallic and an entirely heteropolar electron dgndistribution is achieved in AAu. Ab
initio calculated electron-density distributions in A lattice planes confirm these
suggestions, see Fig. 1b. Between the Al atoms pacdly metallic electron density
distribution is present where valence electronsdmiecalized in a nearly free uniform
electron gas, as shown for the Al - (100) planee Au-atoms on the other hand show a
mixture of an ionic and covalent binding charaetéh semi-localized electrons gathering
between the Au atoms, see the Au - (100) planeravhe free electrons are present. The
Al, Au - (110) plane shows a mixture of metalli@valent, and ionic bindings. Thab
initio obtained bulk modulus, lattice parameter, andgnef formation for A}JAu is 105
GPa, 6.067 A, and -0.459 eV/at (corresponding 824 kJ/mol).

(a) At {100}.

Au-(100) Al -(100)

Al, Au - (110)

¢ 0.00 466

Fig.1 (a) Schematic of the Ca$tructure of AJAu indicating the Au — (100), Al — (100) and Al +uA-
(110) crystallographic planes for the (b) ab in@tadculated electron-density distribution.

X-ray diffraction patterns at room temperature of al-Au films with the three different
chemical compositions are presented in Fig. 2. Maén three phases detectable in the
coating with an Al/Au ratio of 1.85 are Mu, AlAu, and Au. Average domain sizes and
lattice parameters of the AMu and Au phases are ~400 and 170 nm, and 5.98@.a6@

A, respectively, obtained by Rietveld refinementeli profile analyses. The lattice
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parameter and averaged domain sizes could notteemdeed for AlAu due to their low
intensity reflexes. For the coating with an Al/Aatio of 2.00 only the intermetallic Ahu
phase can be detected revealing a preferred (3iehtation (Fig. 2), an average domain
size of 230 nm and a lattice parameter of 5.978H& reported lattice parameter foLAl

is 5.997 A [16]. The Young’s modulus, estimatednirahe ab initio calculated bulk
modulus, using a Poisson ratio of 0.25+£0.05, istB387 GPa.

AlbAu, A AlAu; ¢ Au; v Al

(111)

,__'_fffffflg(zoo) .
substrate

—
-
o)

Al/Au ]
i at%-ratio

1.85 ]

2.00

\ N 432

25 30 35 40 45 50 55 60 65
26 (deg)

Intensity (arbitrary units)

Fig.2 XRD patterns of our Al-Au coatings with Al/Aat% ratios of 1.85, 2.00, and 4.32 on Si(100).

For an Al/Au ratio of 4.32 the main crystalline glka are AlAu and Al, with an average
feature size and lattice parameters of 1100 amh75and 5.972 and 4.033 A, respectively.
In both, the Al- and the Au-rich coatings compatedAl,Au, the ALAu phase has no

preferred orientation.

SEM fracture cross sections (Fig. 3) of our filnow considerable differences in their
morphology as a function of the Al/Au ratio. Theatiag with an Al/Au ratio of 1.85 has a
rough, almost equiaxed, and porous structure withiekness of ~4 um after 30 min
deposition (Fig. 3a). Using optical profilometerasarements the surface arithmetic mean
roughness Ra is ~350 nm. The color of this filmvislet in agreement to the color
measurements presented in Ref. 8. The single-phasedmetallic AbAu coating
(Al/Au=2.00, Fig. 3b) presents a dense columnarcstire with a surface roughness Ra of
~20 nm, a shiny violet color and a thickness of+8 after 30 min deposition. For the
coating with an Al/Au at% ratio of 4.32 the struetexhibits an arrangement of platelets
(see Fig. 3c). These films have a surface roughResf ~200 nm, a pink colored

appearance, and have a thickness of ~4 um afterir8deposition.
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Septing

Substrate

Fig.3 SEM fracture cross sections of our films wéthAl/Au at% ratio of 1.85 (a), 2.00 (b), and 4(82

Annular dark-field (ADF) STEM cross section invegstiions of the film with an Al/Au
ratio of 1.85 (Fig. 4a) in combination with the SBEanalyses (Fig. 4b) allowed the
identification of a porous ternary phase structtwenposed of AlAu, AlAu, and Au, as
obtained by XRD analyses (Fig. 2). The globularegawith average diameters around 150
nm appear black in Fig. 4a and bright in the briggid TEM image Fig. 4c. Our results
suggest that differences in the nucleation and tfromodes (e.g. layered vs. island
growth) between intermetallic and metallic phasewall as their different growth rates
lead to the formation of a porous structure [17,18]

Fig.4 (a) Annular dark-field STEM cross sectioraafoating with an Al/Au ratio of 1.85. (b) SAED Wit
JCPDS standard diffraction rings for Au (dash-dbtté\lAu (dashed), and Al2Au (solid) [16]. (c) Plan
view TEM cross section.
The bright-field TEM cross section image of theemmtetallic AbAu film (Fig. 5a) presents
a dense columnar structure with column diameters2db6 nm at the surface and ~15 nm
close to the substrate interface. This structudve from competitive growth of random
nucleation sites at the substrate to a preferréd)(8irectional growth at larger coating

thicknesses. High resolution imaging of the columgaain boundaries showed no
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evidence of grain boundary phase or voiding and b@gsuggests a relatively low density
of dislocations and grain boundaries.

. ! L11) "
e e.:'."@-'?@zo)
X :....-.'. .‘?' -

SRR

Fig.5 (a) Bright-field TEM cross sectional imagetbé film with an Al/Au ratio of 2.00. (b) SAED wtit

indexed JCPDS standard diffraction rings fogAal,[16] and (c) Distinct crystalline pattern fronsingle

columnar grain aligned to an Alu [110] zone axis illustrating the preferred (3ftdwth direction.
The (311) textured single-phased.All structure revealed by XRD was also confirmed by
SAED analyses of the coating cross-section (Fig. Blg. 5¢ shows a distinct crystalline
pattern from a single columnar grain aligned neaart AbAu [110] zone axis illustrating
the preferred (311) growth direction. Additionalnoi diffraction spots were observed
superimposed on the single crystal,A pattern shown in Fig. 5c. These spots are
indicative of the presence of an ordered defectastite within an individual grain, not
necessarily observable in the bulk XRD analysisulteng from slight deviations from the
Al,Au structure shown in Fig. 1a. We obtained (31Efqred orientation of AAu films

on various substrates such as low-alloyed steebase alloyy-TiAl alloy (Ti-45AI1-8Nb),

and silicon (100). Only when (]_ZO) Sapphire substrates are used the intensitigkeof
(100) and the (311) reflexes were almost equal. jdime committee of powder diffraction
standard (JCPDS) pattern of,Al (No. 17-877) also gives the (311) orientatiothwthe
highest intensity [16]. There, the most dominarakseare the (111), (220), and (311) with
an intensity ratio of 0.90:0.95:1.00, respectivélfis ratio is only 0.02:0.01:1.00 in our
textured single-phase Mu films.

The ADF STEM cross section image of the film with Al/Au ratio of 4.32, Fig. 6a,
indicates a binary phase structure (brighter cehtrapresenting higher average atomic
number) in a platelet-like dense arrangement @ay. Using SAED analyses (Fig. 6b) the

phases were identified to be Al (dark areas) andibright areas) in agreement to the
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above presented XRD results (Fig. 2). No pores wietected in the TEM analyses, as
shown in the bright-field image. High magnificatiaark-field STEM images of this
coating are presented in Fig. 7, revealing thatfégkims layered segregations with a
thickness of ~3 nm within the #u domains (Fig. 7b). Firbas and Schmidt found that
diffusion process in the intermetallic phase ofAdl-thin film couples is governed by an
interstitial diffusion mechanism which could expldhe Al segregation within Afu [19].
Ref. 20 and 21 report that Mu forms primarily when Au is evaporated on Al (311
surfaces and Ref. 22 states,A with a heat of formation of -10.1+0.5 kcal/(g.)at

compared to -9.2+0.5 and -8.3+0.5 kcal/(g at.)Atu and AlAu,, respectively.

Fig.6 (a) Annular dark-field-STEM cross sectiontbé coating with an Al/Au ratio of 4.32. (b) SAED

With_JCPDS standard diffraction rings for Al (dadjeand AbAu (solid) [16]. (c) Plan view TEM cross

section.
As heat of formation of the various species andntia¢ activation strongly influence the
coating microstructure [23, 24], the primary phdésened in our films is intermetallic
Al,Au with respect to the other phases. For the cgatiwith an Al/Au ratio above 2
excess Al forms metallic Al domains, the only phpsssible according to the Al rich part
of the phase diagram. In films with an Al/Au rabelow 2 on the other hand AAu and
AlAu form according to their heat of formation apdritectic reaction [2], and metastabel
metallic Au forms due to the limited atomic asseynkihetics given in plasma-assisted
vapour deposition processes [25,26].

The averaged indentation hardness HIT and indentatiodulus EIT as a function of the
Al/Au at% ratio are presented in Fig. 8. Singlegsaintermetallic AlAu films
(Al/Au=2.00) have values for HIT of 7.9+1.2 GPa aBdlT of 144+9.03 GPa. This
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Fig.7 (a) Annular dark-field cross sectional STEkhage of the AlAu areas (bright) with Al
nanosegregations (dark) in the coating with an Altatio of 4.32 (Fig. 6). (b) The small insert is a
higher magnification dark field-STEM of the segrégas in ALAU.

experimentally obtained indentation modulus is iood) agreement to the Young's
modulus of 158+31.7 GPa, estimated frah initio calculated bulk modulus. Both
hardness and modulus decrease with increasing dlAancontent from the AAu film.
The films with Al/Au at% ratios of 4.32 and 1.85veal values for HIT of 3.2+0.7 and
1.7+£0.4 GPa, and for EIT of 104+13.4 and 72+8.5 GBapectively. This reduction is a
direct result of the contributions from soft matatompounds present in the coatings and,
additionally, the differences in microstructurecasnpared to the AAu film —i.e. coarse
grained versus columnar— as well as the poresmreséhe Au rich coating.

at% Au
38 34323028 26 24 22 20 18

10 150

9- = —_—
= 140
S 8 [130 @
& o
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- —
T 6 110 W
2 5 100 5
2 4] 90 3
- Q
S 3. 80 =
o o R

o 70

3 60

15 20 25 30 35 40 45

Al/Au at% ratio

Fig.8 Hardness and indentation modulus of our Al-Au aagdias a function of the Al/Au at% ratio.

To qualitatively estimate the toughness of our $ilas a function of their Al/Au ratio, the
average crack sizes on the coating surface obtépéftickers indentation with 800 mN on

Si(100) substrates, are determined (Fig. 9a). Aragim@aph presenting a typical crack
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pattern for AbAu is shown in Fig. 9b. In all our coatings crackere found to grow
radially from the corners of the indent. This radieacking pattern is generally found
when brittle material is tested at hard substra@@sular cracks, however, as they are well
known from hard ceramic coatings, often appeartdude influence of a softer substrate
[27-29].

at% Au
0 38.3513:2 3.0 2.8 2.6 2.4 2? 2P 18
bl Ee (a)
E B
2 4 \
lg 204 iﬂ AN
0 N ‘\
N ] .
@ 151 \, '
) i N
c 10- . N ]
] ! N
- i ' .
g % =@ \
0 B

20 25 30 35 40 45
Al/Au at% ratio

-
a

10 um

Fig.9 (a) Averaged crack sizeas a function of the Al/Au at% ratio after indeida with 800 mN. (b)

Typical crack pattern of the gdu film.
The average crack lengitrapidly increases from 4 to 27 um by increasirggAllAu ratio
from 1.85 to 2.00, see Fig. 9a. Further increasiiegAl/Au ratio i.e. decreasing at% Au in
the coatings leads again to decreasing crack arm$or the coating with an Al/Au ratio of
4.32 no cracks can be identified or they are sméiien the surface roughness of this film.
These observations are in agreement with the hssdneeasurements as well as with
structural and morphological investigations showthgt the single-phase Mu film,
which has the longest crack lengths —hence lovessstance against plastic deformation—
has also the highest hardness and densest strueitiveneither voids nor soft metallic

phases.
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Conclusions

Al-Au films, grown by magnetically unbalanced magoa sputtering from Al targets with
Au inlets, with an Al/Au at% ratio between 1.85 ah82 exhibit strong differences in their
microstructure and hence mechanical propertie®adh their dominating phase is always
Al,Au. The latter is shown bgb inito calculation to have the characteristics of a Zintl
phase. Single-phase intermetallicAl films grow with a dense, columnar microstructure
and preferred (311) orientation. They have the ésgjinardness and Young’s modulus but
lowest resistance against plastic deformation coetpéo coatings with higher Al or Au
contents. Films with an Al/Au at% ratio of 4.32 gran a platelet-like dense binary
microstructure with nanosegregations of Al foundhwi the AbAu domains. On the other
hand the simultaneous nucleation and growth gAdl AlAu, and Au phases in coatings
with an Al/Au ratio of 1.85, with their differentrgwth mechanisms leads to an open,

coarse grained microstructure and the formatiorl&0 nm pores.

Based on our results we can conclude that the espighse intermetallic Au film
exhibits superior structural and mechanical propertompared to coatings having higher
Al and Au contents and consequently has the mosinising properties within the

investigated Al-Au films to protect sensitive mads.
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Abstract

Recently we have shown that single-phaseAAl coatings, prepared by unbalanced
magnetron sputtering, exhibit a dense columnarcttrea and highest hardness and

indentation modulus of 8 and 144 GPa, respectiveitrin the Al-Au films investigated.

This study focuses on the thermal stability o§AAl with respect to films containing more
Al and Au having Al/Au at% ratios of 4.32 and 1.88spectively. Single-phaseAlu has
the highest onset temperature for recovery of 47%arid recrystallization of 575 °C. Upon
annealing Au- and Al-rich films, their stresses id&v from the linear thermo-elastic
behavior at temperatures (T) above 200 and 450e%¥pectively, due to pores and metallic
phases present. Metastable Au within the as-deggbgiu-rich film is consumed by the
growing intermetallic AlAu and AlAp phases at B 450 °C, which themselves melt at
~625 °C. Due to nm scale segregations of Al, endaped by AjAu in Al-rich coatings,
their melting point is reduced by ~85 °C to 575 Bynamic thermal analyses up to 1100
°C in synthetic air reveal the single-phaseAi films with a superior thermal stability and
only negligible oxidation. At 750 °C the mass gan~1.5mg/crh after 50 h isothermal

exposure.

Based on our investigations we can conclude tmaflesiphase intermetallic Au films

have a high potential for oxidation protection efisitive materials.

Key words: thermal stability, DSC, TGA, high temgierre XRD
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Introduction

Intermetallic Al-based coatings such as Al-Ni, Al-@nd Al-Pt have proven to enhance
the corrosion and oxidation resistance of Ni-bdley®and are thus widely used in turbine

blade protection applications [1, 2].

Bulk Al,Au is reported to be fairly resistant against okm@a[3, 4] and single-phases
Al,Au films have been proven to exhibit the densesdtraonst uniform microstructure and
highest hardness among,Al base films containing higher amounts of Al and [5].
Details on the structural and mechanical evolutiathin the Al-Au system can be found
in Ref. 5.

Thermo-gravimetric analyses of AAlu base coatings indicated increasing oxidation
resistance with Al/Au ratios decreasing from 3.2m02.6 to 2.1 [6]. Based on these results
it was suggested that best oxidation resistance lwanobtained for single-phase

intermetallic AbAu films.

Consequently, this study focuses on the thermaepties of single-phase Mu coatings

to assess their ability as oxidation and corropiartective films for applications in energy-
, automotive- or aerospace industry. We compareliffierent results with coatings having
higher Al and Au contents than the single-phasgA@lfilms. This allows us to draw

conclusions on the major influences on the thepnaperties of AIAu base coatings.

Experimental Details

Coatings with different Al/Au at % ratios are deped on Si(100), Sapphire, and low alloy
steel substrates in a magnetically unbalanced niagmsputtering systefi@] using an Al
target (99.999% purity,]150 mm x 6 mm) with varying amounts of Au inlef$10 mm, 2
mm thick) on the target race track in an Ar (99%93jlow discharge. In all deposition
runs the substrates are placed parallel to theettaaga distance of 8 cm, the substrate
temperature was 300 °C, the bias voltage was -8nW the sputter power density was 2.7
W/cn?. The base pressure in the system was 28® and the working gas pressure was
set to 0.6 Pa. The metallographically ground anlisiped substrates are ultrasonically
cleaned with acetone and ethylene and are priodejmosition ion-etched within the

deposition chamber using a voltage of 1250 V irAampressure of 0.8 Pa. Depending on
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the investigations foreseen the deposition time weais between 30 and 120 minutes
yielding coating thicknesses between 2.5 and 8 urthe different coatings.

Biaxial stressew of the films during in-situ vacuum annealing up 400 °C (BSTM,
biaxial stress temperature measurement) with angeand cooling rate of 5 K/min are
calculated as described in Refs. [8] and [9] frowa measured curvature of coated Si(100)
substrates (20x7x0.350 mm) using the modified Steguation in accordance to the
conditions summarized in Ref. [10].

The microstructural changes of the films on silicustrates during exposure to synthetic
air (mixture of 80% N and 20% @) were investigated with high-temperature X-ray
diffraction (HT-XRD; Bruker AXS D8 Advance with XR®00 heating chamber) with
CuKa-radiation measurements up to a temperature of’@0@atterns in the@range of
35 to 55 deg were recorded during isothermal setgrar80, 200, 300, 400, and every 50
°C further to 900 °C. During cooling, patterns wegeorded at 700, 500, and 30 °C. The
heating and cooling rate was 3 K/min.

Differential scanning calorimetry (DSC) with simaieous thermo-gravimetric analyses
(TGA) was performed in a Netsch-STA 409C to chamane the oxidation behavior of the
coatings by thermal ramping from 450 to 1150 °Q@tK/min in synthetic air. These
analyses were conducted on film material after db@mremoval with 14M HNQ@ from
their low alloy steel substrates to avoid intenfee with substrate material. The weight
gain of single-phase intermetallic Alu on Sapphire was additionally investigated by an
isothermal test at 750 °C for 50 hours in synthatic Prior to and after DSC as well as
BSTM measurements the coatings were investigated-tay diffraction (XRD; Siemens
D 500, Cukux-radiation). Transmission electron microscopy (TEMEOL 2010F) was
performed on the as-deposited films and film contpmos were determined by energy
dispersive X-ray analysis (Oxford Instruments INGA)a scanning electron microscope
(SEM; ZEISS EVO 50).

Results and Discussion

The Al/Au at% ratios of our films are 1.85, 2.08da4.32 obtained from energy dispersive
X-ray analysis. X-ray diffraction patterns in the-deposited state at room temperature

(Fig. 1) reveal a ternary phase structure compa$edetastable Au, AlAu, and AAu, a
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single-phase ARAu structure, and a binary structure composed oaAd AbAu for the
coatings having Al/Au ratios of 1.85, 2.00, and24.Gspectively. As we describe in detail
in Ref. 5 limited atomic assembly kinetics as wad#l heat of formation and thermal
activation of the various phase species stronglyence these coatings’ microstructure.
Thus, the ternary coating (Al/Au = 1.85) is showrHg. 2a with a coarse grained, porous
(bright areas) structure of Mu, with Au (darkest areas) and AlAu phases. Thglst
phase AJAu coating presents a dense, columnar microstrectbig. 2b), whereas the
binary coating (Al/Au = 4.32) exhibits again a cmargrained but layered structure of
Al,Au with nanosegregation of Aldescribed in further detail in Ref. 5— and metali
phases (bright areas - Fig. 2c).
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Fig.1 XRD pattern of the as-deposited Al-Au coasivgth Al/Au at% ratios of 1.85, 2.00, and 4.32 on
Si(100) [5].

Intensity (arbitrary units)

Biaxial stresses of our films in-situ measured migivacuum annealing up to 700 °C are
presented in Fig. 3. In the as-deposited statedaéngs have tensile stresses of 0.18, 0.30,
and 0.43 GPa for Al/Au = 1.85, 2.00, and 4.32, eesipely. Heating the film-substrate
composites leads to a reduction of tensile stresisals Al,Au base coatings indicating that
their coefficient of thermal expansioa is larger than that of the silicon substrate
(as=3.55x10° K™ [11]. During heating and cooling, the film — sulasér composites
follow the linear thermo-elastic behavior for temgares where no recovery,
recrystallization or plastic deformation takes pld&2, 13]. The coating with an Al/Au
ratio of 1.85, which is shown in Figs. 1 and 2&égporous and composed obAl, AlAu,
and Au phases as well as the single-phase inteltirmed,Au with its dense columnar
structure (Fig. 2b) show almost no stresses atlépmsition temperature of 300 °C (Fig.

3). These results suggest that our films grow inadbt stress free. On the other hand the
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film with an Al/Au ratio of 4.32, which is composed Al,Au and Al phases (Fig. 1),
grows with tensile stresses of ~0.15 GPa.

q‘," '
{ o
500 nm ' . 500 nm ARy 500 nm S,
— ey iy E s e—
Fig.2 Bright-field TEM cross sections of the as-dsiped coatings with Al/Au at% ratios of 1.85 (a),
2.00 (b), and 4.32 (c).

In the film with an Al/Au ratio of 1.85 no compréas stresses can build up during
annealing up to 700 °C due to the porous struaunrcethe soft metallic Au phase present
(cf. Fig. 1 and 2a). The formation of tensile ssessduring cooling down indicates that the
structure of the film is denser after the tempeamtexcursion to 700 °C and hence can
build up tensile stresses during cooling. The lindarmo-elastic behavior of the single-
phase AdAu film ranges from 25 to 475 °C, well beyond thepdsition temperature. The
almost same slopes of heating and cooling inditaethis coating had a low density of
defects in the as deposited state, as it was steghbg SEM and TEM analyses [5]. Above
575 °C -i.e. 0.65 of the homologues temperature AbyAu (T, = 1060 °C) —
recrystallization processes set in and lead tadaateon of thermally induced compressive

stresses.

The film with an Al/Au ratio of 4.32 follows therear thermo-elastic line during heating
to temperatures close to the deposition temperg80@ °C). Our measurements indicate
that also above 300 °C there is a linear behaypaow60 °C, where stresses become zero,
but in this temperature range also recovery ofcstiral defect$8] and microplasticity of
the soft metallic phases are likely to contributette reduction of tensile stresses [14, 15].
At T > 460 °C the soft Al phase with its low medirpoint of 660 °C is plastically

deformed resulting in the stagnation of the sttesgderature trace at zero.

Upon cooling, the coatings with Al/Au at% ratios200 and 4.32 show a deviation from

the linear thermo-elastic behavior for temperaturelbow ~200 °C where their tensile
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stresses increase to ~0.50 and 0.55 GPa, respectiMeis deviation is due to the

formation of tensile cracks.

0.6 crack formation —A—Al/AU=1.85 ]
) o—oo.o.ﬂb/ —m—Al/Au=2.00 |
. 0.5 :‘.‘D Bal \O‘o —eo—Al/Au=4.32 1
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]
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Fig.3 BSTM cycles of three Al-Au coatings with AllAat% ratios of 1.85, 2.00, and 4.32 coated on
Si(100) (onset temperature of recoverygTand recrystallization, gL,). The heating step is indicated by
solid symbols, cooling by the open symbols.

From the linear part of the cooling segments fassible to obtain the thermal expansion
coefficientsa of the annealed films. Thus, values determined for the films with and
Al/Au at% ratio of 2.00 and 4.32 are 11.7¥18nd 11.0x18 K%, respectively. Nat value

could be estimated for the film with an Al/Au ratd 1.85 due to the early deviation from

the thermo-elastic behavior.

Structural investigations by XRD of the film witm &I/Au ratio of 1.85 after the stress-
temperature measurement in vacuum to 700 °C 0..e5, of the homologues temperature
of Al,Au— reveals that the metastabile Au phase presetiie as-deposited state can no
longer be detected, whereas the intensities foAtA@ and AlAu, reflexes increase, see
Fig. 4. These results suggest that the AlAu andualphases grow at the expense of Au
according to the equilibrium phase diagram [16]ughthe coating approaches a more

stable configuration during annealing.

The films with an Al/Au ratio of 2.00 and 4.32 show detectable changes in their XRD
patterns between as-deposited state and afteraitieumn annealing to 700 °C due to the

BSTM investigations.

The structural evolution of our films with tempens is further and more detailed
investigated by HT-XRD in synthetic air. Fig. 5 geats HT-XRD maps, where the

scattering angle@and the temperature are plotted on the x and g, agspectively, and

Martin Moser 96



Publication Il

the peak intensities are given by a color code.salhples are heated up to 900 °C and
XRD patterns are recorded isothermally at the teatpees given in the graph.

m AbAu; ¢ Au; A AlAu; O AlAug

Intensity (arbitrary units)

25 30 35 40 45 50 55 60 65
20 (deg)

Fig.4 XRD scans of the as-deposited film with anAl at% ratio of 1.85 compared to a pattern taken
after BSTM vacuum annealing to 700 °C.

Strong structural changes are detectable for ttmautg and porous coating with an Al/Au
ratio of 1.85 (Fig. 5a). For temperatures above 45800 °C no Au reflexes can be
detected, corresponding to the above mentionedtsesfter BSTM. The AlAu and AlAu
phases melt at ~625 °C in agreement with theirtedamelting point [16], indicated by
the increased background intensity. The decreasiegsities of the AlAu reflexes for T

> 850 °C suggest melting of this phase accordingh® solidus-liquidus transition
indicated in the Al-Au binary phase diagram for toog compositions between 34 and 55
at % Au [16]. At 900 °C no AAu reflex can be detected anymore. Upon coolinghf890
°C back to room temperature intermetallic AlAu, AtA(as found after BSTM vacuum
heat treatment to 700 °C), and.®4 are formed. Due to the formation of aluminium
oxides the parent chemical composition changes tooee Au rich film configuration

where no AJAu phase is formed in accordance with the binagspidiagram [16].

HT-XRD investigations in synthetic air of the siagdhase intermetallic Ahu coating
reveal no structural changes up to a temperatureBb0 °C, with the (311) peak being
constant in intensity (see Fig. 5b). At 900 °C (B20) and (222) AlAu reflexes increase
in intensity on the expanse of the (311), indiggthecrystallization processes and the
formation of new defect-free grains, as the retaimensities approach those reported in
the JCPDS [17]. For ® 850 °C ALO; reflexes can be detected, which increase in ifttens
upon cooling to ~500 °C. Due to the formation 0§@J and the concomitant Al reduction

of our AbAu film, the typical film composition shifts —espalty adjacent the Al
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regions— from the single-phase Al field to the binary phase field Au—AlAu
explaining the formation of AlAu.

B AAu T Al O Au Intensity (arb. units)
A AlAu © AlAug
< Alz0; O sample holder
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Fig.5 High-temperature XRD maps of the coatinghwht/Au at% ratios of 1.85 (a), 2.00 (b), and 4.32
(c) on Si(100) derived from isothermal measurembats/een room temperature and 900 °C in synthetic
air.

The binary film with an Al/Au ratio of 4.32 show® rstructural changes during HT-XRD
up to 575 °C (Fig. 5¢c)For T > 600 °C no reflexes for Al can be detected anymore
suggesting its melting. The reduced melting poiatymesult from the nm size Al tissue
phase encapsulated in the,Al matrix and its small grain size found during TEM
investigations. Literature reports that the melting point of Austers with a diameter of
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~20 A is reduced by more than 150 °C from that kAl of ~660 °C [18]. The AlAu
reflexes are almost unaffected by the heat-treatuoneto 900 °C.

DSC and TGA curves from a dynamic measurement idizing atmosphere at a heating
rate of 20 K/min are presented in Fig. 6 for olm§ with an Al/Au ratio of 1.85, 2.00, and
4.32.

g 1007 . AlAu=4.32 TGA]
=z 801 ——AiAu=2.00 o
g 6.0] - AllAU=1.85 ]
o 40 e
S 20

0.0 e ——

500+ i . DSC
%E 4001 Iexoth:ermlc
S € 300{ !
%= 200 S
< E 100 ' g S

0 L, ;
100 \l

500 600 700 800 900 1000 1100
Temperature (°C)

Fig.6 Dynamical DSC and TGA scans of three coatingh Al/Au at% ratios of 1.85, 2.00, and 4.32
recorded at a heating rate of 20 K/min in synthaiic

A mass gain of 8% is observed in the TGA measuremwietihe coating with an Al/Au at%
ratio of 1.85 at the maximum temperature of 1150vhich is beyond the melting point of
Al,Au [16, 19]. Several exothermic and one endother®ature are found in the DSC
scan. Based on the XRD and HT-XRD investigatiomsekothermic reaction between 550
and 620 °C can be attributed to the formation dérimetallic AlAu and AlAy and
concomitant consumption of the metastable Au. Funtlore, the increased mass gain in
this temperature region suggest onset of oxidatibmough no distinct oxides could be
detected by XRD. The endothermic reaction with ageb temperature of ~630 °C is due
to the melting of intermetallic AIAu and AlAusee Fig. 5. Comparing the TGA and DSC
scan shows that the strong exothermic feature B#tw&O0 — 1050 °C with a peak
temperature of ~1000 °C is due to oxidation. Theusdter at ~970 °C of this peak
indicates melting of the remaining Au phase as obtained by XRD. Even though the
superposition with the oxidation reaction hinddre tletermination of an exact melting
point of ALAu the thermal analyses yield a higher onset oftingelas compared to HT-
XRD investigations. This can be related to differeeating rates —i.e. isothermal steps in

HT-XRD versus 20 K/min in thermal analyses— usethetwo techniques.
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The single-phase intermetallic Alu coating displays excellent oxidation resistance.
Neither mass gains were found in the TGA nor caongt exothermic oxidation reactions
be detected by the DSC. The small and broad exutbgreak between 700 and 950 °C
can be attributed to recovery and recrystallizagiootesses taking place, as found by XRD
and HT-XRD investigations (cf. Fig. 3 and 5). Thigher onset temperature as compared
to the BSTM analyses results from the faster hgatate of 20 K/min in DSC compared to
5 K/min in BSTM. The endothermic melting reactiohAd,Au can be measured with an
onset temperature of ~1050 °C, according to thdibgum phase diagram [16].

The coating with an Al/Au at% ratio of 4.32 showsotdistinct exothermic features in the
temperature ranges 500 — 700 °C and 750 — 115@H€xe several reactions superimpose.
Connected with these features is an increase implsamass indicating oxidation of the
film. The contributions from exothermic oxidatioeactions between 580 and 700 °C are
superposed by the endothermic melting peak of iking rise for the shoulder on the right
side of this peak. A similar effect occurs at highemperatures where the exothermic

oxidation reaction is superposed by the endothemeiting reaction of the ARu phase.

DSC and TGA traces of the single-phaseAal coating on Sapphire substrate during
isothermal exposure for 50 hours at 750 °C in @iidj atmosphere are given in Fig. 7.
Both, the TGA and DSC scan reveal detectable owidaif the material starting after ~10
hours. The mass gain of ~1.3 mgfcim relatively small and the decrease in exothermic
heat flow after 40 hours indicates that a densaleprotects the film from further
oxidation. The peaks after ~23 and 40 hours of supoindicate a multistep oxidation

process.
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Fig.7 Isothermal TGA and DSC scans at 750°C intsgtitt air of our AJAu film on Sapphire.
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A mass gain of 2 mg/chis reported for bulk AlAu after isothermal oxidation tests at 400
°C for 10 hours [20]. This material was revealethva multistage oxidation process which
is also reported fo-NiAl. There, this process is explained by a fsgtp where several
forms of ALO;s (8, v, 8) develop by bulk diffusion of Al from the internadtic bulk to the
surface. These oxides are suggested to be norepvetand non-uniform [21]. In a second
step the AIO; structure changes to-Al,O3, forming a dense protective layer which is thus
slowing down the mass gain rate [21], as can be seethe TGA curve of our

investigations, see Fig. 7.

The XRD patterns taken from the sample after tiotheymal test reveal no differences
compared to the as-deposited films, suggestingttiegatormed oxide layer was too thin to

display reflexes.

Conclusions

The thermal stability of AAu base coatings within the Al-Au system strongipends on

their chemical composition and hence microstructure

Vacuum annealing of the film-substrate compositesws that soft metallic phases
embedded in the films with Al/Au at% ratios of 1.88d 4.32 and their porous structure
govern the stress-temperature behavior. These fiwsal signs of recovery of structural
defects, microplasticiy, and plastic deformatiomedatively low temperatures. The single-
phase AJAu coating grows almost stress-free on Si(100) exbibits a relatively high
onset temperature for recovery and recrystallipatd 475 and 575 °C (~0.65 ofy),

respectively.

Structural investigations with XRD reveal that nsttédle Au present in the as-deposited
Au-rich films is consumed by the growing intermétafhlAu and AlAu, phases at ® 450
°C, which themselves melt at ~625 °C. For filmshvanh Al/Au at% ratio of 4.32, nm scale
segregation of Al encapsulated in,Al domains results in a reduction of the meltinghpo
of Al by ~85 °C to 575 °C, as presented by HT-XRIair. There, single-phaseAlu was
shown to remain its textured structure up to a tapre of ~850 °C where A

formation and subsequent Al depletion ofA is observed.

In dynamic thermal analyses the Al- and Au- ridim§ show strong oxidation with mass

gains up to 8% whereas the single-phase intermefddAu coating exhibits no detectable
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mass gain up to its melting point of ~1060 °C.dathermal analyses at 750 °C detectable
oxidation of this film starts after ~12 hours. Tdecreasing exothermic heat flow after ~40
hours of exposure indicates slowing down of thelation process and the formation of a

dense protective oxide scale.

Thus, we can conclude that the single-phase intathee Al,Au film exhibits good
thermal properties. It is superior to the dual- amdti-phase films investigated in the Al-

Au system.
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Abstract

Al-based intermetallic coatings are widely usedasd coats and for oxidation protection
of turbine blades and engine components. Here weept and discuss the structural and
thermal properties of novel unbalanced-magnetrantepd Al-based coatings (single-
phase intermetallic ARu, binary Al-Zr, and nano-structured Al-Zr-Y) ddeped to
protecty-TiAl from environmental attack at elevated tempearas. Al-Zr films exhibit a
coarse-grained dual-phase;&ai-Al,Zr structure and are nano-structured by alloyinthwi
~5, 10, and 14 at% Y.

Combined dynamic differential-scanning calorimetngd thermogravimetric analyses up to
a temperature of 1150 °C reveal that theAlfilm is very stable with only marginal mass
gain from oxidation found between 800 and 1000 H{gh temperature X-ray diffraction
shows that this coating retains its (311) textypeai900 °C where AD; formation leads
to the depletion of Al in AlAu and subsequently the precipitation of intermietallAu.
Wheny-TiAl is coated with A}JAu and exposed to cyclic oxidation tests at 750 &0l °C

good oxidation resistance is obtained as a precdixide layer is formed.

Dual-phase AlZr,-AlZr coatings form Zr@ and AbLO; in oxidizing atmosphere.
However, the phase transition from monoclinic (m9Zto tetragonal (t-)Zr@with the
accompanying volume change causes flaking of théeoxyttrium addition to the Al-Zr
films stabilizes the cubic (c-) and t-Zr@nd hence avoids the fatal tetragonal-monocline
transformation. The thermally grown c-Zr@ased oxides allow good adhesion to thermal

barrier coatings which are themselves based orOg:Zr
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Introduction

y-TiAl offers attractive properties such as low dgnshigh specific stiffnesshigh yield
strength and good creep resistance up to ~800 tiChas thus the potential to replace
heavy materials such as steels or nickel-basegsalib high temperature applications in
automotive, aerospace and power generation indasfii-4]. Nevertheless, its poor
oxidation resistance at temperatures above 750mM@sla wider utilization, due to the
formation of non protective layers of alumina arastfgrowing titaniag]. Therefore,
coating systems have to be developed to effectigaly sustainably protegtTiAl from

environmental attack over the entire anticipateggonent lifetime [6-9].

We thus present novel Al based intermetallic cagti(single-phase intermetallic ZAu
and Al-Zr-Y films) designed to protegiTiAl. Al ,Au is a Zintl-phase which crystallizes in
an fcc Cabktype structure. Single-phase ;AL films have excellent mechanical and
thermal properties compared with coatings contgitiigher amounts of Al or Au [10, 11,
15].

Our Al-Zr coatings are based on the intermetallages AdZr, and AbZr which have
melting points above 1400 °C [12]. By adding Y tbzx the formation of cubic (c-) Zr©
can be triggered during film oxidation and henceeftital monoclinic (m-) to tetragonal (t-)
phase transition in zirconia [13] with its ~7.5 %lwme change can be avoided][ The
thermally grown c-Zr@ based oxides will have good adhesion to thermaldyecoatings

which are themselves composed of yttria stabilzezbnia.

Here, further results on the thermal stability migée-phase intermetallic A\u coatings
are presented which demonstrate their ability tagmty-TiAl. Furthermore, we show first
results on the influence of Y on the structurerried stability, and oxide formation of Al-
Zr coatings.

Experimental

AlAu and Al-Zr-(Y) coatings are deposited on Si(1&pphire, low alloyed steel agd
TiAl (Ti-45AI-8Nb) substrates in a magnetically watnced magnetron sputtering system.
For Al-Zr-Y films the different coating compositisnare obtained by placing varying
amounts of 1xlcm Y plates on the race track of ags#&ro 37 target. Details on the
sputtering system and the deposition conditionsgaren in Refs. [10] and [15], and are

similar to those reported in our previous papeABAuU coatings [11]. The microstructure
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of the different films was investigated using anséms D500 Bragg-Brentano X-ray
diffractometer with Cu-K& radiation in the @ range between 20 and 70 deg. Coating
morphology and film compositions were examined gissicanning electron microscopy
(SEM; ZEISS EVO 50) equipped with Oxford InstrunentNCA energy dispersive
spectrometer. Mechanical properties, such as hassdagindention (H) and modules of
indentation (E) are determined from unloading segmef load-displacement curves
during computer controlled indentation tests usangischerscope H100 and a maximum
load of 35 mN. The presented values are averageth fa minimum of 20
indents.Differential scanning calorimetry (DSC) hwisimultaneous thermo-gravimetric
analyses (TGA) was performed in a Netsch-STA 406Ccharacterize the oxidation
behaviour of the coatings by thermal ramping fros® 40 1150 °C for AlAu and from
300 to 1100 °C for Al-Zr-Y at 20 K/min in syntheta&r. These analyses were conducted
on film material after chemical removal with 3.5MNB; from their low alloy steel
substrates, or on coatings on Sapphire to avoidrference with substrate material.
Thermal cycling tests were performed at DLR Colognautomated rigs in laboratory air
at 750 and 850 °C. One cycle consists of an ispthksegment of 1 h at temperature and
10 min for cooling down to ~60 °C. Samples wereiqubcally weighed and visually

inspected during testing up to an exposure timmgeaf 1000 cycles.

Results and Discussion
I ntermetallic single-phase Al,Au films

Sputter deposited Ahu films exhibit a dense columnar (311) texturehwdbomain sizes of
~230 nm. The coating has a hardness of 7.91+1.2 @idlaan indentation modulus of
144+9.0 GPa [10].

Dynamic DSC and TGA scans conducted in inert andizirg atmosphere on powdered
Al,Au coatings at a heating rate of 20 K/min are preee in Fig. 1. The scan in argon
reveals only small reactions up to a temperaturel®60 °C where a strong endothermic
peak indicates melting of the intermetallic,All phase. The melting point is in good
agreement to that of the binary phase diagram 6D 1 [16]. The DSC/TGA scan in

synthetic air reveals no major differences compaoethe evaluation in argon. The small
mass gain of less than 0.5 % in combination withdgkothermic reaction found in DSC in

the temperature range 700—1000 °C indicate oxidatwd the material. The onset
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temperature of the melting reaction of Al in synthetic air is identical to the
measurement in argon atmosphere at ~1060 °C. Th&s rfuss observed in TGA

simultaneously with melting of AAu can be attributed to evaporation of Al.
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Fig.1 Dynamic DSC and TGA scans of powders of th2A& film recorded in argon (solid line) and
synthetic air (dash-dotted line).

Structural evolution of AlAu on Si(001) during high-temperature exposure shthat the
film retains a single-phased (311) texture up teraperature of 850 °C. Above 850 °C the
intensity of the (311) peak decreases and the (22d) (222) AdAu reflexes increase
together with the AO;reflex. The formation of this oxide causes Al déple of Al,Au
and consequently intermetallic AlAu is formed asAAl has only a narrow composition
stability range of less than 1 at% at that tempeeatThus, AlAu, AlAu, and ALO3 are

detected at room temperature after the high ternyeraxperiment [15].

The high potential of AAu to protecty-TiAl from environmental attack is shown in the
mass-change vs. number of 1-h cycles plot (FigTBg measurements of Au coatedy-

TiAl samples at 750 and 850 °C exhibit a logaritbrmiass gain versus time profile
following the equations (1) and (2), respectively/][ although transmission electron

microscopy results indicate a massive restructusirthe film [18].

750 °C: y = 010[In(262[x + 099) (1)

850 °C: y = 007[In(12146[x + 1.00) (2)

Thermal cycling of the uncoated substrate mataetial50 °C leads to a smaller mass gain
within the investigated cycling range as compamedhie coated material but shows a

parabolic mass gain profile which can be descripedquation (3).

Martin Moser 108



Publication Il

y? =210 [k (3)

Consequently, higher mass gains are expected ®rutitoated material after longer
exposure durations and equations (1) and (3) sttjuggtsafter ~4400 thermal cycles at 750
°C the mass gain of the substrate intersect witt tf coatedy-TiAl. Increasing the
cycling temperature to 850 °C leads to the onseafl oxidation of the substrate material
resulting in a mass gain of ~2 mgfcafter 1000 cycles, which is ~three times the iasee

observed for the coated material.

- 2.0 —o— Al,Au at 750C -
Y 1.8 —o—ALAuat8s0C ]
g 1.64 —B— substrate at 750C “./I"
> 1'4 —m— substrate at85(:$../
£ 1.2- "
e - ]
< 10 a 1
() —
2 08 %%%%mw
< 0.6 o;..'- g
4 Eopoooog -EEEFE
@ 0.4 4 __- EEEE
g 02- uuuuu ’
e —
0 200 400 600 800 1000
Cycles

Fig.2 Mass change vs. number of 1-h cycles to #&D &0 °C of uncoated Ti-45AI-8Nb (substrate)
compared to specimens coated withAAl.

Zr-Al-Y coatings

Yttrium-free Al-Zr coatings grow with a dense colnan structure having a composition of
60 at% Al and 40 at% Zr (i.e. Al-40Zr) and H and/&éues of 11.5+0.6 GPa and 1666
GPa, respectively. Adding 5, 10, and 14 at% Y te toating leads to an increase of
coating thicknesses from ~3 to ~5um, a change fmwtumnar to a featureless
nanostructure (Fig 3) and to chemical composit@hal-37Zr-5Y, Al-34Zr-10Y, and Al-
31Zr-14Y, respectively. The hardness and indematiwodulus are 8.7+0.6 GPa and
138.7+8 GPa, 8.5+0.3 GPa and 122+4 GPa, and 8.Z3®«®and 140+3 GPa, for the 5, 10,
and 14 at% Y containing films, respectively. Hebgeadding Y to Al-Zr both, H and E,

decrease.
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Fig.3 SEM fracture cross-sections of our Al-Zr-Yatiags with (a) 0 at% Y, Al-40Zr, (b) 5 at% Y, Al-
377Zr-5Y, (c) 10 at% Y, Al-34Zr-10Y, and (d) 14 at#p Al-31Zr-14Y deposited on Si(100).

Fig. 4 presents XRD patterns taken from as-depbé§ites. The Y-free Al-Zr film exhibits

a binary phase structure composed ofZA} and AkZr,. With increasing Y content the
intensities of these intermetallic phase reflexesrelase and broad reflexes can be detected
which indicate the formation of a nanostructure hwigrain sizes below ~5 nm.

Consequently, their fracture cross-section appfeatsireless (compare Fig. 3).

A AlZry € AlgZr, O Y © Substrate

Y 3
ﬁ?o&&ﬁ& (? A€>AA A (at%) ]
' ] Q " 1 [ 1 4
) it M“ 14 |
£ n |
> : ! ]
g g w10 ]

g i i i
> | J\ ]
gl SUNPINCINNS Wl
= HHE. P : ]
Al Ao ]

20 25 30 35 40 45 50 55 60 65
26 (deg.)

Fig.4 XRD patterns taken of the as-deposited A¥zreatings with different Y contents.

Dynamic DSC and TGA scans of a powder of our Akgating (Fig. 5a) is compared to
measurements on Al-Zr-Y films coated on Sapphiig.(bb). Due to the volume increase
of ~7.5% by the transformation from tetragonal tonwclinic-ZrG, [13, 14], and the
thereby resulting flaking, measurements on Al-Zated Sapphire failed. Consequently,
Fig. 5a cannot directly be compared with Fig. Skevértheless, both graphs reveal
multiple exothermic features which can be attridute oxidation obtained from the
corresponding mass increases. Our TGA analysesattedihat the onset temperature for
these reactions increases with increasing Y coritent ~450 °C with 0 at% Y to 550,
630, and 670 °C with 5, 10, and 14 at% Y, respebtiv

Martin Moser 110



Publication Il

() (b)
< PlToa c_10{1GA
Se Se
0w 257 1 nL 05
2 8 g
£ O = €<=0.0 s ety
251DsC 05/DSC ... A-37Zr-5Y i )
20- 0.4 --=-=--Al-34Zr-10Y 8 i
— T —AI-31Zr-14Y "
g 2 15 25 0.3 ]
= £ Se
%3 104 TS 024E !
L2E 42 OE 2
5_ g Nl Ol_ ‘é .
oY 0.0}~
300 400 500 600 700 800 900 10001100 300 400 500 600 700 800 900 10001100
T(C) T(C)

Fig.5Dynamic DSC and TGA scans of our Al-Zr-Y films with) 0 and (b) 5, 10, and 14 at%ré&corded at
heating rate of 20 K/min in synthetic air.

XRD patterns of our oxidized samples after the DS&X measurements up to 1100 °C
are given in Fig. 6. The Y-free binary Al-Zr filnriparily oxidizes to fornu-Al,O3; and
m-ZrO, (stable at T <~1100 °C). At T ~ 1100 °C undopedrr®, transforms to t-Zr@
with a volume increase of ~ 7.5% [13]. The observiading of the oxides in our
experiments to 1100 °C indicate that the m- to@-Aransformation (partially) occurs at T
< 1100 °C due to the addition of Al in the coating, agreement to Ref. [19].
Consequently, no dense oxide layer is formed whaiid protecty-TiAl. The addition of
only 5 at% Y to our Al-Zr films leads to the predimant formation of c- and t-Zr§) with
small fractions of m-Zr@ By further increasing the Y content to 10 and &% the
formation of m-ZrQ can completely be suppressed. The formed oxidegransparent,
and our results indicate that they solely condist-arO, anda-Al,Os. The latter is found

in all coatings investigated.
| c-Zr02 ] t-Zr02 (o] m-Zr02 <o A|203

=R ..} . A

O TODO ©

e, 1

10

A 7“2;0'“ :OWO <> m@»{g 5
”‘*‘“”‘J\“MWW\%WWW\A 0

20 25 30 35 40 45 50 55 60 65
26 (deg.)

intensity (arb. units)

Fig.6 XRD patterns of our Al-Zr-Y coatings with lifent Y contents after oxidation during thermal
analyses up to 1100 °C.
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Conclusions

Based on our results we can conclude that the neeWeloped Al based intermetallic
coatings, single-phase Mu and multi-phase Al-Zr-Y, can effectively proteaxidation
sensitive materials likg~TiAl at elevated temperatures. Thermal cyclingtdem air
revealed a logarithmic mass gain rate ofAl coatedy-TiAl samples due the formation of

a dense oxide layer.

The transformation of t-Zr9to m-ZrQ, with its destructive volume increase of ~7.5 %
occurring during oxidation of Al-Zr coatings can igppressed by alloying the films with
Y. Al-Zr films containing 10 and 14 at% Y form m-@s free transparent oxides consisting
of ¢c-ZrO, and ALO3 upon heating to temperatures above 630 and 670eX¥pectively.
Consequently, these coatings, with their thermghywn yttria stabilized zirconia, have
high potential to act as protective coatings usedautomotive, aerospace and power

generation industries.
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Y TTRIUM INDUCED STRUCTURAL CHANGESIN SPUTTERED Tiq.,AlN

THINFILMS

M. Moser andP. H. Mayrhofer

Department of Physical Metallurgy and Materials flieg, Montanuniversitat Leoben,
Franz-Josef-Strasse 18, A-8700 Leoben, Austria

Abstract

Metastable Ti,AlN thin films synthesised by plasma-assisted vapdaposition
crystallize in the industrially preferred cubic Na€) structure with AIN mole fractions
(X)<0.7. Employing X-ray diffraction and transmissideatron microscopy we reveal that
the addition of Yttrium toc-TipAlxN shifts the solubility limit to lower AIN contents
resulting in mixect- and hexagonal ZnS-wurtzitey\ phased (TixAlx)1yYyN coatings Ab-
initio calculations yield a by ~23% decreased solulilityt in c-Ti;«AlIxN, from x~0.69 to
0.56 with the addition oj=12.5 at% Y.

Key words: ab-initio electron theory, metastableagds, thin films, physical vapor
deposition (PVD), Yttrium
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Introduction

Known for their good physical, mechanical, and cloahproperties Ti,AlxN films and/or
their alloys are used in a variety of applicatiossging from wear protection of tools, dies,
and molds to components in aerospace and automotiustry [1, 2]. The extremely high
cooling rates (~1¥ K/s) as well as the limited atomic assembly kicetduring low-
temperature plasma-assisted vapour deposition0(@.2f the homologues temperature)
allow the preparation of supersaturated solid-gmhst like Th AN [3, 4]. Literature

shows that TiAlxN crystallizes in the cubic NaCt)(modification (space grouﬁmém)
for AIN mole fractions X)<0.7 [5-10]. Exceeding the metastable solubilityitiresults in a
mixed (NaCl + ZnS — wurtzite) structure, or therfd crystallize completely hexagonal

ZnS — wurtzite \{) (space groupP6,mc) [5-9]. Both, thermodynamic anéb-inito

calculations indicate a critical maximum AIN fraati of ~0.7 forc-Ti1AlxN [11-13], and
Ref. [14] reports that this metastable phase staliinit can be varied between 0.64 and
0.74 by influencing the Al distribution on the miesab-lattice. Hence, mechanisms which
influence the Al distribution during growth will fluence the metastable solubility limit.
We suggest that similar effects are responsiblahierexceptionally high solubility of 81
mole% AIN in c-Ti;xAlxN observed during plasma assisted chemical vapeposition
[15]. Generally, with deposition techniques invalyi high ionization rates like arc-
evaporation [5, 8, 10], arc-ion-plating [7], or tlneentioned plasma assisted chemical
vapour deposition [15k-Ti1xAlxN with higher AIN mole fractions can be synthesized
compared to conventional magnetron sputtering §, Due to the better mechanical and
tribological properties the cubic modification iseferred over the hexagonal one in
industrial applications [7, 9, 17].

Alloying Yttrium to TiN and TixyAlxCryN is reported to improve mechanical properties
and oxidation resistance due to Y segregation-chgssn refinement during film growth
and the strong affinity of Y to oxygen [18-2]. Netheless, a critical literature research
revealed that the effect of varying amounts of Ytloa structure of monolithically grown
Ti1xAlxN has not been studied.

Experimental

Therefore, coatings are investigated which are yged by unbalanced magnetron
sputtering from 99.9% purity (J#Alo5)1-yYy targets (PLANSEE SE) containingO, 2, 4,
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and 8 at% Y. With a deposition temperature of 5604 target power density of 9 W/gm

a bias potential of -50 V, and a,/Mr partial pressure ratio of 0.4 (both gases with
99.999% purity), slightly over-stoichiometric ndd coatings (~51 at% N) are produced at
a working gas pressure of 0.5 Pa (base pressuosvi@®B mPa). With the individually
used targets, coatings are synthesized containifigoQ@sAl 0.s9N), 3 (Tip.42Al0.56Y 0.0dN), 5
(Tio.a3Alo52Y0.09N), and 9 at% Y (ToizsAlossYoodN) in the metallic sub-lattice (we will
keep this notation for the Y content throughout theanuscript). The chemical
compositions of our films are determined by enedigpersive X-ray analyses (EDX)
during scanning electron microscopy studies usixggias EVO 50 microscope equipped
with an Oxford Instruments INCA EDX unit. The obged increase in Al/Ti ratio from 1
to 1.2-1.4 when comparing the composition of thedusrgets with the respective coatings
is in good agreement with literature where gengiaithher Al and lower Ti contents as in

the targets are reported for magnetron sputtehed {09, 21].

Results and Discussion

Figure 1 presents X-ray diffraction (XRD) pattenigpowdered as-deposited coatings after
chemical removal with 10 mol% nitric acid from thdbow-alloyed steel substrates
recorded with a Siemens D500 diffractometer in BrBgentano geometry using CuK
radiation. The diffraction pattern of the Y-freeyJ4AlosdN film indicates a single-phased
cubic structure with a lattice paramesgrof 4.178 A, determined according to the Cohen-
Wagner method [22]. This value suggests a spegifieme \; of 9.12 A/at and is in good
agreement with experimental and computed paramé¢iels XRD single line profile
analyses employing the Pseudo-Voigt method yieldsean crystallite feature size of 25

nm for the Y-free coating [23].

The film with 3 at% Y (in the metallic sub-latticexhibits small fractions of hexagonal
ZnS-wurtzite reflexes in addition to the cubic XRigaks (Fig. 1). With increasing Y
content the intensities of the hexagonal reflexeseiase with concomitant decreasing
cubic reflex intensities. For the highest Y conitagnfilm (Tip.36Alo.53Y0.0dN) only a small
reflex can be detected for the cubic phase &t+48 deg. These results suggest an
increasing fraction of the hexagonal phase withdasing Y content on the expanse of the
cubic modification. Diffraction angle positions thle hexagonal phase are used to calculate
the lattice parameters, @nd ¢, for w-(Ti1,Aly1,Y,N yielding &=3.075 and ¢=5.295 A

for y=2 at%, @=3.185 and =5.215 A fory=5 at%, and &3.205 and &5.220 A fory=9
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at%. Consequently, the specific volumeg idcrease from 10.84 to 11.45 to 11.6¥/ak
with increasing Y content from 3 to 5 to 9 at%,pedively. The lattice parameters of the
cubic phases in our films vary only within the erod measurement betweeg4.178 and
4.181 A. Hence, their specific volume changes jastveen 9.12 and 9.14%/At.

B c-TigsAlgsN O W-TigsAlgsN
o8 ® oo ooB o WM

9at%yY

]

at% Y

intensity (arb. units)

uiy

25 30 35 40 45 50 55 60 65 70 75 80
diffraction angle 26 (deg)

Fig.1 XRD patterns of as deposited ;(#Al).,Y,N films containing y=0 (Tip4sAlgsdN), 3
(Ti0.4;A|0_55Y0.0§N), 5 (Tl04:A| 0.5;Y0_05N), and 9 at% Y (-lai_3gA|0_55Y0.0gN) in the metallic sub-lattice.

Hardness (H) and modulus of indentation (E) meakswwéh a Fischerscope H100C
gradually decrease with increasing Y content fro;721.5 and 437.9t1.8 GPa for
Tio4sAlpsN to 15.9+1.4 and 196.3+0.8 GPa foroddAlossYood\, respectively. The
decreasing H and E values with increasing Y-congeatrelated to the increasing fraction
of the hexagonal phase with its typically lowerdrass and elastic modulus (Ref. [14]).
Corresponding results are obtained by exceedingnistastable solubility limit of AIN in
c-Ti1-xAlxN coatings [7, 9].

Cross-sectional transmission electronic microso@iM) studies using a Phillips CM12
microscope operated with 120 keV exhibit a dendancoar microstructure for Y-free
Tio.asAlosN (Fig. 2a) and a fine texture of featherlike, drdéhmeter grains elongated in
growth direction for the 9 at% Y containigTip 3Al053Y 0.0dN film with cubic traces
(Fig. 2b). The image contrast of Fig. 2a suggestslamn width of ~22 nm, a high defect
density, and strain fields for qjsAlpsgN. Residual stress measurements employing the
substrate curvature method yield compressive &sesk-1.9+0.19 GPa. The micrograph

of the film with 9 at% Y (Fig. 2b) reveals a lowantrast and hence a lower defect density
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and strains, corresponding to their lower resicdwahpressive stresses of -0.81+0.04 GPa.
Similar microstructures are reported in literattoe mixed c- andw-phased Tj3:Al o 6d\

and Tp26Alp7N films [8, 9]. Selected-area electron diffracti®AED) pattern presented
in Figs. 3a and b confirm the XRD analyses of glsiphased cubic structure for the Y-
free film and a hexagonal dominated structure withic traces for the coating containing
9at%n Y.

100 nm
Fig.2 TEM cross-sectional images of (a) s£Al o =N and (b) Té Al g.5:Y 0.0cN.

Ab-initio calculations using the VASP code [24, 25], basedtlan density-functional
theory in conjunction with the generalized-gradiapproximations projector augmented
wave potentials [26], are conducted to calculatickaparameters and energy of formation
Er of (TisAlywyYyN with 12.5 at% Y in their cubic and hexagonal nficdtion.
Therefore, a super-cell approach based on 32 pnsed where Y equally substitutes for
Ti and Al. These calculations are based on earierstigations ot-TiiAlxN andw-Ti;-
ALN [14].

(a)

(b)

Fig.3 SAED of (a) TjssAlosgN and (b) TézAlos3Y00dN with diffraction patterns of-Tiy,AlN
(dashed line) and-Ti;.Al\N (dotted line).
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Figure 4 shows Eor c-Ti;AlkN andw-Ti,AlN as a function of AIN mole fractior.
The larger negative values farbelow ~0.69 indicate a preferred crystallizationthe
cubic modification [14]. Adding 12.5 at% Y to theetallic sub-lattice equally substituting
for Al and Ti results ir=0.07 eV/at smaller negative #alues forc-(Ti1Aly)1yYyN over
the entirex range. For the hexagonal modificatier(Tiq1<Alx)1.yYyN the E data forx in

the AIN range 0.25-0.75 differ only bs0.01 eV/at from those of the Y-freeTiiAlxN.
The substitution of 12.5 at% Ti or Al by Y i&TiN (x=0) orw-AIN (x=1) results in 0.05

or 0.11 eV/at larger or smaller negativevBlues, respectively (see Fig. 4). Comparing the
E:; data for cubic and hexagonal {JAl))1,YyN with y=12.5 at% suggests a preferred
cubic modification for AIN mole fractiong below ~0.56. Consequently, the metastable
solubility limit for AIN in c-(Ti1xAly)1yY,N decreases by 23% from ~0.69 to 0.56 with
increasing Y content fromy=0 to 12.5 at%, respectively. These results arexicellent
agreement to our experimental observations of @ctstral change from single-phased
cubic to mixed cubic-hexagonal further to hexagatwhinated (with cubic traces) by

increasing the Y content from 0 to 3 or 5, and &%, respectively.

-2.2
K 2.4
22
o
wi
-2.64 Y O c-Tiq,AlLN
g © w-TijAlLN
a B c-(TijAl)y YyN, y=12.5 at% Y
08 o ® w(Tig, Al YyN, y=125at% Y

00 02 04 06 08 10
AIN mole fraction, x

Fig.4 The energy of formation Eas a function of x for c-TiAIN and w-Ti,AlN (dash dotted line and
open symbols) compared t@ & c- and w-(T{.Al,)1,YyN with y=12.5 at% Y at the metallic sub-lattice
(solid line and full symbols) [14].

Ab-initio calculations of the lattice parameter ®{TiosAlg5)1YyN indicate an increase
from a=4.184 to 4.315 A if Y increases frops0 to 12.5 at%, respectively. Corresponding
calculations for the hexagonal modification yiedttice parameters,a3.184 and ¢=5.261

A for y=0 at% Y and &3.281 and ¢5.251 A fory=12.5 at% Y. Hence the specific
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volume of the cubic modification increases by ~18tn 9.15 to 10.04 Aat whereas ¥
for the hexagonal phase changes only by ~6% frof5ltb 12.26 A/at with increasing Y
content fromy=0 to 12.5 at%, respectively. The experimentallaoted thickness increase
of ~38% from 2.2 um foc-Tip45Alps9N t0 3.0 um forw-Tig3gAlp53Y0.0dN With cubic
traces, found during scanning electron microscopestigations of film cross-sections,
can be related to the computed increase in spe@fione of 34% front-TigsAlgsN to w-
(TiosAlos)0.875Y 0.129N. Nevertheless, thab-initio obtained increase of the cubic lattice
parameter from&4.184 to 4.315 A with increasing Y content frgeD to 12.5 at% is not
observed during XRD investigations. The XRD datdiaate only minor changes from
a=4.178 to 4.181 A ofc-(Ti1xAly)1yYyN with increasing Y-content from 0 to 5 at%,
respectively. These results in addition to the miobange of Efor the hexagonal
modification in the AIN mole fraction range 0.25#8.with increasing Y content suggest

that Y preferably occupies lattice positions in tiexagonal phase.

Conclusions

Based on our investigations we can conclude traatdition of 12.5 at% Yttrium to i
xAlyN decreases the metastable solubility limit of ¢bbic (NaCl) structure by 23% from
~0.69 to 0.56 AIN mole fractions. Therefore, magometsputtered single phased
Tio4sAlo 59N coatings develop a mixed NaCl/ZnS-wurtzite mitmosture with 3 to 5 at%
Y and a predominantly ZnS-wurtzite structure wittat9% Y in the metallic sub-lattice.
With increasing ZnS-wurtzite phase fraction mecbahnproperties deteriorate. Tlad-
initio calculated energy of formation of(TiiAly)1yYyN with y=12.5 at% Y is shifted by
>0.07 eV/at to smaller negative values compared il AlxN whereas Eof w-(Ti;-
xAlY)1yYyN is hardly influenced by the Y addition within t#dN mole fraction range
0.25-0.75. Calculations predict increasing latpegameters aand @ for the cubic and
hexagonal modification with increasing Y contemspectively. Nevertheless, in our Y-
containing films which have a mixed cubic-hexagamarostructure solely the hexagonal
lattice parameter,ancreases with Y, whereas the cubic lattice patang changes within
the error of measurement. These results in addiwdh the E data, suggest that Y

preferably occupies lattice sites of the hexagphake.
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Abstract

Single-phase cubic TjAI«N thin films with high Al content are preferred industrial
applications as they combine superior mechanicapegities with good oxidation
protection. Recently we showed that yttrium, whidn further increase the oxidation
resistance by the reactive element effect, shiifées dubic stability range of TJAIKN to
lower AIN mole fractions. Already the addition of dt% Y to single-phase cubic
Tio.4sAlps9N promotes the hexagonal phase formation. Based-my diffraction and
transmission electron microscopy studies we retteatl DC magnetron sputtering (DC-
MS) from Tiy.49Al0.49Y 0.02 cOMpound targets in Ar-Natmosphere results in the formation
of mixed cubic-hexagonal structured {JAl,):.,Y N films, whereas the cubic structure
can be stabilized by employing bipolar pulsed magmesputtering. This can be correlated
to an increase in the Ti/Al ratio of the film anmttieased ion bombardment with increasing
pulse duration, triggered by increases in the péasitectron temperature and ion fluxes.
For pulsed DC-MS with 80 kHz and increasing pulseation from 0 (DC-MS) to 4976 ns
the composition of the coatings changes froguBil o.57Y 0.02N t0 Tip.46Al052Y 0.02N and the
structure from a mixed cubic-hexagonal to a simlase cubic, resulting in hardness
increases from 23.5 to 34.6 GPa, respectively.

Keywords: pulsed magnetron sputtering, TIAIYN, sture, chemical composition,

hardness
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1. Introduction

Plasma-assisted vapour deposition (PVD) techniglie the formation of supersaturated
solid-solution Ti,AIxN with cubic (c) NaCl structure up to AIN mole ftems x ~ 0.7.
Exceeding the metastable AIN solubility results anmixed (NaCl + ZnS-wurtzite)
structure, or the films crystallize completely imet hexagonal ZnS-wurtzite (w)
modification [1-7]. Cubic - TiLAIxN films with high Al contents have superior physjca
mechanical and chemical properties and show bexiglation resistance than their two-
phased, or single-phased hexagonal counterpartam@nthus used in a large variety of
applications ranging from wear protection of toalsd dies to components in aerospace
and automotive industries [8-10]. AlloyingLAIN films allows further adjustment of
properties and tailoring to their respective negds 12]. Reactive elements such as
yttrium are commonly used in materials design torease oxidation protection of
structural and coating materials [13-15], e.g.yaflg Y to TiN and Ti.,AlxCr/N also
improves their mechanical properties [16, 17].

We have recently shown that the addition of yttritonc-Th.xAlxN shifts the solubility
limit to lower Al contents, resulting in mixed cuabnexagonal or single-phase hexagonal
films for Al contents above 52% with decreased naeatal properties [18]. Furthermore,
as the hexagonal phase due to its lower packingityehas also a lower oxidation
resistance than the cubic [19], careful attentieeds to be pointed on the structure and
phase-development during alloying of g=JAI N with Al contents close to the metastable

solubility limit.

As pulsed DC magnetron sputtering (DC-MS) in thd-inequency range (20-350 kHz) is
a common tool to modify the microstructure of haittide coatings and their physical
properties [20-24] we studied the effect of asynmroddipolar pulsed DC-MS from a
compound target on structural and mechanical ptiggeof the deposited (TiAlx)1-yYyN
films. We applied electron probe microanalysesayx-diffraction (XRD), and cross-
sectional transmission electron microscopy (XTEM)r fchemical and structural
investigations, and determine the effect of the gowupply characteristics on the
discharge conditions using Langmuir probe measunendhis allows to investigate the
correlation of chemical composition, structure anechanical properties of the coatings
with the modified discharge, plasma and target tmms$ during pulsed DC-MS compared
to DC-MS.
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2. Experimental Details

(Ti1Aly)1-yYyN thin films were grown on Si(100) in a modifiedy®ld Z-400 facility by
reactive unbalanced magnetron sputtering from a @6 Tip.49Al0.49Y 0.02 COMpound
target (powder metallurgical prepared by PLANSEEBBImLechbruck, Germany, 99.9%
purity) in a mixed Ar - N (both with 99.999% purity) glow discharge usiny#Ar partial
pressure ratio of 0.4 and a working gas pressui@oPa. The substrate temperature of
550 °C and DC bias potential of -50 V were keptstant for all deposition runs. The
substrates were positioned 5 cm above the targettrack. An ENI RPG-50 asymmetric
bipolar pulsed power supply, set to provide 400iVpower regulation mode, was used for
DC and for pulsed DC magnetron sputtering. Puldrequenciest of a +37 V reverse
voltage pulse can be varied between 50 and 250 Wittz a positive pulse lengthe,
variation from 496 ns to a maximum of 8016 ns. Hiter is defined as 60% of the duty

cycle which itself is the ratio between sputtertione t,, and the overall periody{ttre,).

Coatings with different Ti/Al ratios were producedDC-mode with the above described
deposition settings by adding Ti platelets (4x3xth¥non the Th.40Alg.4sY 0,02 target race
track covering 0.74, 1.48, and 2.15 % of the tta#edet surface.

The microstructure of films was investigated usn&iemens D500 x-ray diffractometer
with Cu-Ka radiation in the @ range 30—50 deg. in Bragg-Brentano geometry. The
coatings microstructure was examined in a Philip2Q transmission electron microscope
interfaced with a NORAN energy dispersive analf{EDX) at 200 kV.

The specimens for cross sectional transmissiontretecmicroscopy (XTEM) were

prepared by mechanical cutting, grinding and ioranbethinning techniques. The
specimens embedded into a Ti sheet with a Si siogtstal counterpart were thinned
mechanically to a thickness of 40 um. The ion bdhmning was carried out in a
Technoorg Linda IV. thinning unit equipped with TELWIN ion guns working in the 2 —

10 keV ion energy range [25, 26]. The thinning wagied out at glancing incidence ion
beam (~3-5°) on both sides of the specimens badleruotation and oscillation mode. The
thinning was completed in an other thinning unitipged with an ion gun working at 300

eV ion energy. By this way the thickness of the dged surface layer could be decreased.

During scanning electron microscopy (SEM) invedt@eas with a Zeiss EVO 50

microscope the chemical composition of the filmswatermined by energy dispersive x-
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ray analysis (EDX) with an Oxford Instruments INGDX unit using metallic Al and Y
and a TIN film standard. Quantification of the d¢attwas obtained by Rutherford

backscattering spectroscopy as described in Réf. [2

The hardness (H) was measured by nano-indentaitbranCSIRO ultra micro indentation
system (UMIS) equipped with a Berkovich-indenteile/the modulus (E) was determined
from the loading and unloading traces after thee€Pharr method [28]. With respect to a
proper statistic at least 50 indents were carrigidfar each sample with maximum loads
ranging from 10 to 45 mN to keep the indentatioptdebelow 10% of the coating

thickness.

The voltage characteristics applied to the targethle ENI RPG-50 in DC and pulsed DC
mode were recorded with a Tektronix HCTEK321 oesitbpe equipped with a PMK
PMV10000-3 high voltage probe. Plasma analysecamged out with a standard Hiden
ESP Langmuir wire probe. The pulsing induced changesputter yield Yand emission
angle as of sputtered Ti and Al species are estimated \8RIM, a program package
available online which calculates the stopping &mbge of ions with a given energy in
matter [29-31]. Af and N* were chosen as projectile ions. To exclude ionstrgssion
the sputtering of 1 um J#Algs component layers was simulated using 5-ibdis at
normal incidence (90°) and 400, 900, and 1500 e\eiwergies.

3. Results and Discussion
3.1 Process Characterization

Deposition parameter dependent factors like ionmrg@néE), ion flux (J), and metal flux
(Jue) Of species arriving on the substrate have a gtimofluence on the microstructure of
nitride films [32-34]. The parameters varied hemhiCch have an effect on;,El, and J)

are the reverse voltage pulse length and frequencies during pulsed DC-MS. Typical
target voltage waveforms for DC- and 80 kHz pulge-mS with t, = 496, 1616, 3056,
and 4979 ns are given in Fig 1. When the polarftyhe target voltage changes, strong
overshoots occur in the onset tgf andt.,. Comparable target voltage waveforms are
reported in literature for bipolar pulsing and dam related to the nature of the power
supply [35-40]. The observed fast fluctuation (MHequency) of target voltage above
+200 V at the onset df, is reported to be accompanied by strong increimstge target

current [35-37, 39]. After this MHz ringing the exge voltage flattens to +37 V during
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trev. ON polarity changes the target voltage overshe#i® V observed during DC mode
for the 400 power regulation and the usedsdAlo.49Y0.02 COmpound target, see Fig 1.
Thereby the target peak voltage reaches -700 Vfor 496 ns and increases to -1450 V

for increasinge, t0 4976 ns at the onsettgf and levels off to about -350 V.

——DE s 496ns -----1616ns - - -3056ns —4976ns

target voltage (V)

time (ps)

Fig.1 Target voltage wave forms for DC-MS and pdi$C-MS with 80 kHz pulse ant}, = 496 ns
(dotted), 1616 ns (dash dotted), 3056 ns (dashed)4976 ns (solid).

Langmuir wire probe measurements yield an incréastectron temperature, from 3.6
eV for DC discharge to 4.9 eV for 80 kHz pulsed @iScharge withte, = 4976 ns.
Increases are found to be linear with increasingense voltage timé,, and reach a
maximum & of ~5 eV for the smallest duty cycle of 60%, indegent of the used
frequencies. The plasma potentigl d&creases with increasing positive pulse lengtm fr
7.2V for DC-MS to -1.4 V for pulsed DC-MS at 80 kldndt,, = 4976 ns. Consequently,
the energy of the impinging ions Bn the substrate or growing film by applying asbia
potential \s of -50 V increases according 6 =€V, —V,| from 42.8 to 48.6 eV when
changing from DC-MS to pulsed DC-MS with 80 kHz dpg¢= 4976 ns [32, 34, 41].

Although our Langmuir data are not time resolved #us give time averaged values, the
general trends observed are fully in-line withrkteire. Electron heating through discharge
pulsing is shown in Refs. [35, 36, 38, 42] to octmough stochastic heating caused by
MHz ringing of the target voltage, as observed mymur studies at the onsettpf, see
Fig. 1. These increases in, &nd electron density lead to increases in ionefux)

increases with increasing reverse voltage tigydor all investigated frequencies.
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Furthermore, from the pulsing induced reductiorspditter-on duty time with increasing
trev (Or decreasing duty cycle) the sputter rate deesdérom 44 nm/min for the DC-MS
coating to 38, 37, 33, and 28 nm/min for 80 kHzspdl DC-MS films deposited with,, =
496, 1616, 3056, and 4979 ns. Hence, we foundthemetal flux Je arriving on the
substrate during pulsed DC-MS decreases linearth wicreasingt,, and thus these
reductions can be accounted for by the shorter etagm power on time (i.e., lower duty
cycle). Consequently, asidcreases andyd decreases with increasitbg, the ion-to-metal
flux ratio J/Jve increases with,. In the case of a pulsing frequency of 80 kH&ld

increases from ~0.44 to 1.02 for increasetxyfirom 0 (DC-MS) to 4976 ns, respectively.

3.2 Coating Characterisation
3.2.1 Structure

Figures 2a, b, and c present XRD patterns of donsfideposited by DC-MS and pulsed
DC-MS from the Td4dAloa9Y 0,02 target. The coating prepared by DC-MS has a binary
composition of cubic and hexagonal phases as tescrn detail in Ref. [18]. The
intensities and integrated peak areas of the @0i@) reflex increase whereas those of the
hexagonal (100) and (002) reflexedd(Z 32.48 and 34.06) decrease with increasing
frequency from 80 to 250 kHz at a constant revemdtage pulse lengthe,=1616 ns and
consequently duty cycles of 87 — 60%, indicatingréasing cubic and decreasing
hexagonal phase fractions, respectively (see F&. Zhese changes are even more
pronounced for decreasing frequencies from 25@t&Hz with increasinge, from 1616

to 4976 ns at a constant smallest possible dutyecgt 60% (Fig. 2b). The coating
prepared at 80 kHz artg, = 4976 ns shows no hexagonal reflexes and is ce®0O>
textured. The results presented in Figs. 2a andghest that small frequencies and short
duty cycles —i.e. long reverse voltage duratibas— promote the growth of a <200>
textured single-phase cubic (TAly)1yYyN film. This is shown in Fig. 2c presenting XRD
patterns of coatings prepared at a constant freyuein80 kHz and pulse lengths between
496 to 4976 ns coupled with duty cycles from 9®&®%, respectively. The XRD patterns
of the coatings prepared by pulsed DC-MS with sHaty cycles of 75 and 60% and long
pulse length of 3056 and 4976 ns reveal only tl®)2Zubic reflex, indicating a single
phased cubic (TiAly)1yYyN film. With shortert, hexagonal reflexes can be detected

revealing a two-phased microstructure.
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Fig.2 XRD patterns of (TiAl,)1,YyN films prepared by DC-MS and pulsed DC-MS withoasgtant pulse
lengtht,,=1616 ns and various frequencies (a) constantcthe of 60% and various frequencies (b), and
a constant frequency of 80 kHz (c) with variousydzycle.

3.2.2 Morphology

To corroborate the above presented XRD resultsisfiproduced by pulsed DC-MS with
80 kHz and various pulse lengtts were investigated by XTEM analyses and compared
to the DC-MS coating.

The cross-sectional bright-field (BF) and darkdi¢DF) images of the DC-MS coating is
presented in Figs. 3a and b, respectively. Closkasubstrate the coating exhibits a dense
V-shaped columnar structure with a growth directiperpendicular to the substrate
surface, according to zone T [43, 44]. At a distan€ ~300 nm from the interface the
growth direction is tilted by ~32° to the substrategmal. Close to the coating surface the
column width is ~40 nm. Figure 3c is a typical stde area electron diffraction pattern
(SAED) featuring strong wurtzite-type hexagonal aNdCl-type cubic reflexes. The
hexagonal phase has a <002> texture while the stegicubic phase is <111> textured,

corresponding to the XRD investigations of the DG-Mm, compare Fig. 2.

XTEM BF images with respective SAED patterns oftocags prepared by pulsed DC-MS
with 80 kHz andt,, = 496, 1616, 3056, and 4976 ns are presentedgsa. B a—d,
respectively. Coatings preparedtai = 496, 1616, and 3056 ns exhibit a morphology of
perpendicular growth direction in the interface megion and a tilted growth direction in
the surface near region corresponding to the fileapared by DC-MS, while &k, = 4976

ns no region of tilted columns can be observed.
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Fig.3 (a) Bright-field and (b) annular dark-fieldTEM image of (Ti..Alx).,Y,N prepared by DC-MS
(Ti/Al = 0.72). (c) SAED with standard diffractiaings as calculated in Ref. [18] for cubic- (solabd
wurtzite type TgsAlosN (dashed).

With increasing pulse lengthe, from 496 to 1616 to 3056 ns the distance from the
interface to the onset of tilted growth increasesmf ~600 to ~650 to ~1000 nm,
respectively. For these coatings the interface megron with a perpendicular growth
direction is dominated by NaCl cubic <200> textupdthses and a zone T microstructure.
The surface near regions with a tilted growth dicecare composed of <111> textured
cubic and <002> textured hexagonal phases. The ShAlBstigations suggest linked
orientation dependence of the cubic and hexagomases as indicated in Fig. 5. In the
SAED of the upper part of the DF XTEM (Fig. 5b) laar orientation relation between
hexagonal <002> and cubic <111> is present anccanell by the arrow. Further the
SAED of the lower part show no cubic <200> textbu the (200) reflections are related

to the <111> texture.

The results obtained by XTEM and SAED are in exxcglagreement to the XRD findings
(Fig. 2c) indicating decreasing hexagonal phasetifma with increasing;e, for 80 kHz
pulsed DC-MS. Figure 4 furthermore suggests thatigle of the tilted growth decreases

with decreasing hexagonal phase fraction.
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Generally, the growth of tilted columnar structurasvapour deposition is reported in
obliquely deposited films when columnar grains cosipg the films incline towards the
vapour flux [45]. There, the empirical tangent rakn be applied to estimate the tilting

anglea of grown columns from a sputtering source posittbaethe anglé[46]:
tana = 1tand. 1)

Hence, for 35° tilted columns the sputtering souras to be at an angel of ~50°, which
clearly is not possible in a parallel arrangemestiveen substrate and target when the

substrates face the target race track, see expgafrsection.

@)

—

Fig.4 Bright-field XTEM images of (TiAl)).,Y,N coatings prepared with pulsed DC-MS using a
frequency of 80 kHz ant, of 496 ns (a), 1616 ns (b), 3056 ns (c) and 4% §dh At the bottom the
respective SAED patterns are given with standaffiladtion rings for cubic- (solid) and wurtzite typ
TigsAlosN (dashed) as calculated in Ref. [18].

For texture formation in magnetron sputtered Tilkh§ basic thermodynamic models are
based on the fact that the formation of a particudeystallographic orientation is

determined by the need for a minimization of thefezxe energy and the accumulated
strain energy [47]. According to these models,téheture formation at small thicknesses is
governed by the surface energy minimization, whelgaincreasing film thicknesses the
main factor influencing the texture is the accurtedastrain-energy, which increases
linearly with thickness [48, 49]. Thus, for TIN 280> texture can be expected at small
thicknesses, as the {200} planes have the lowes$ase energies [50-53]. Refs. [54, 55]
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report for TiN an anisotropy of the elastic modaliwith Eo<Ez20<E;1; and hence the
accumulated strain energy U decreases from x200<220> to <111> textured films.
Therefore, starting from some critical thicknesgimy film growth a transition from
<200> to <111> texture occurs. This transition Miasd at thicknesses ranging between

~200 and 1500 nm depending on sputter parametdrsudostrate material [48, 54, 56].

Fig.5 (a) Dark-field XTEM image of a (TjAl,)..,YyN coating prepared by prepared by pulsed DC-MS
using a frequency of 80 kHz amg, of 496 ns. SAED with standard diffraction ringscadculated in Ref.
[18] for cubic- (solid) and wurtzite type JdAlosN (dashed) for the surface zone (b) and the interfeear
area (c).

A comparable trend is observed in our films whehe interface-near regions are
dominated by <200> textured cubic phases. At aitethickness we also observe <111>
textured cubic phases. However, this is accompanittdthe hexagonal <002> phases and
tilting of growth direction, see Figs 4 and 5. Kultej et. al. [5] also observed a tilted
columnar growth for TiAlxN coatings for the mixed cubic and hexagonal phase

composition.

Furthermore, it is reported that within an epithxraltilayer arrangement between cubic
TiN and hexagonal AIN the cubic (111) TiN planesg &ited by ~20° from hexagonal
[001] AIN direction [57]. The crystallographic réilan for an epitaxial matching between
cubic TiN and hexagonal AIN lattices can be desxttibs [57, 58]:

- {11]}TiN <110>TiN H{002} AIN <110> AN

This is the orientation dependence in our filmsweaen cubic and hexagonal phases.
Therefore, we propose that the tilted columnar ghowvhich is only observed in the
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cubic-hexagonal binary phase region with <111>ueed cubic phases, is the result of the
hexagonal phase formation.

Additionally, the hexagonal phase formation besefitom the higher mean diffusion
length of Al on cubic (100) surfaces compared tbljl as it is shown for Ti on TiN and
the lower absorption energy of Al compared to tle&tTi on TiN [53, 59, 60].
Consequently, as soon as cubic (200) and (111hgrmexist, surface diffusion leads to a
preferential cubic (111) growth and, combined wilie above orientation dependence, to
the nucleation and growth of (002) hexagonal ctysthue to the faster Al diffusion

compared to Ti.

As shown in Refs. [32, 34] for JiAlosN already small increases idde from 1.0 to 1.8
at a constantly low ion energy & 20 eV lead to a change from <111> to <200>ued
columns. This is also in agreement with our obg@wmaof increasing thickness of the
<200> orientated single-phase cubic interface-negion with increasing reverse voltage
timetey and accompanied by increasingwk, see Fig. 4.

In addition, small changes in the chemical compmsibf these coatings can influence
microstructure and phase composition sensitivedpeeially at compositions close to a
metastable solubility limit [2, 5, 18]. In Ref. e showed that a small addition of only
y=2.5 at% Y to the metastable sub-lattice of DC-MB;fAl):.,YyN reduces the

metastable solubility limit of the cubic structdrem >55% to <52% Al leading to binary

cubic-hexagonal phased or even single-phased heab{d; Al x)1-yYyN films.

3.2.3 Chemical Composition

DC-MS of a Th4dAlo49Y 0,02 target in an Ar/N discharge with our deposition conditions
results in the formation of stoichiometric nitriiens with a chemical composition of the
metal sublattice of Ti = 41 at%, Al = 56.6 at%, anda 2.4 at%. Consequently, the Ti/Al
ratio of the films with ~0.72 is smaller than ofetlused target with 1. For magnetron
sputtered films higher Al and lower Ti contents,imghe respective target are generally
reported, see Refs. [5, 61]. By applying pulsed IE-the Ti/Al ratio of the films
increases from 0.72 to 0.89 — Ti = 45.9 at%, Al E75at% — almost linearly with
increasing pulse lengtih., from 0 (DC-MS) to 4979 ns, independent —within &reor of
the measurement- of the used frequencies of 5A.80,and 250 kHz, as shown in Fig. 6.
Almost no changes are observed for Y which is ~@&%. Consequently, the coating
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composition approaches the target composition witheasingt,, and hence increasing
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Fig.6 Chemical composition of the metal sublatdoe Ti/Al ratio versus reverse voltage titpg

The influences of pulse parameters on sputter Welénd angle of sputtered spectes
are estimated by SRIM. The energies of the workjag ions, At and N, are derived
from the peak voltages measured during bi-polasipgl(Figure 1). Thus, the ion energies
were set to 400 eV for DC-MS, and 900 and 1500a@\ptilsed DC-MS at., = 1616 and
4979 ns, respectively. For DC-MS the sputter yielith Ar" and N* (Ys, ar and Ys, n2)
are 3.9 and 3.3 for Al, and 3.6 and 3.1 for Tipedively. These values are comparable to
those reported for single component targets [624déhce, the obtained sputter-yields for
Ar® and N' suggest Ti/Al ratios of 0.85 and 0.86, respeciiveind a metal sublattice
composition of 54 at% Al and 46 at% Ti. With incse® ion energy the sputter yield for
Ti increases stronger than that for Al. The Ti/Alios are 0.86 and 0.88 for sputtering with
900 eV and 1500 eV Ar ions and 0.89 and 0.90 fattsping with 900 eV and 1500 eV,N

ions.

Generally, atoms are sputtered from the target range of directions proportional to a
cosine distribution including the angel of incider€5, 66]. Thus, a number of sputtered
species does not reach the substrate. For our itlepogrrangement the threshold angle
from the target normal for atoms to impinge on sidstrate is 25°. Hence, ~15% and
~21% of the Al and Ti atoms sputtered from asAl 5 compound target are lost with 400
eV Ar'. Using 400 eV N as sputtering species ~17% Al and ~22% Ti woulddsé.

Consequently, the different losses for Ti and Ahas suggest a Ti/Al ratio of ~0.93 at the

substrate. Together, the different sputter yieldd Bsses for Ti and Al atoms suggest a
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Ti/Al ratio of ~0.79 for sputtering a JAlps compound target with Arions having 400
eV. This value is in perfect agreement to the oleserTi/Al film ratio of 0.79+0.02
obtained during DC sputtering of ayFAlo 5 target, as reported in Refs. [5, 18].

Increasing the ion energy to 1500 eV results insa lof 17 and 22% of Al and Ti and 18
and 23 % of Al and Ti using Arand N for sputtering, respectively. Consequently, the
Ti/Al ratios of film forming species would increaf®m 0.93 to 0.94 with increasing ion
energies from 400 to 1500 eV.

Both SRIM results, the sputter yield and the angdistribution of sputtered species, give
increasing Ti/Al ratios of the film forming metataans with increasing working gas ion
energies, i.e. increasing reverse voltage pulsgthert., during bipolar-pulsed sputtering.
Therefore, these results are in good agreementeatanges in chemical composition

observed during pulsed DC-MS.

Fig.7 Bright-field XTEM images of films with Ti/Aratios of (a) 0.88, (b) 1.0, and (c) 1.18 DC-MSnfro
Tig.4dAlo.49Y 0.02 targets with added Ti platelets covering 0.7481ahd 2.15% of the target surface. At the
bottom the respective SAED patterns are given witimdard diffraction rings for cubic- (solid) and
wurtzite type T§sAlosN (dashed), as calculated in Ref. [18].

To separate the effects of pulsing induced plasaration on microstructure and phase
composition from the influence of a modified cheahicomposition, (TixAlx)1-yYyN films
were prepared by DC-MS at 0.72, 0.88, 1.0, and T.il@l ratio. This is obtained by
covering 0, 0.74, 1.48, and 2.15% of the s#\lo.49Y0.02 target surface with small Ti
platelets, placed on the race track. XTEM BF imagitls respective SAED patterns of the
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coatings are presented in Figs. 3a and c for T#AI72 and Figs. 7a, b, and c, for Ti/Al =
0.88, 1.0, and 1.18, respectively. The coatingd WifAl > 1.0 (Figs. 7a, b, and c) have a
columnar zone T microstructure with a growth di@ttperpendicular to the substrate
surface, and the SAED investigation reveals onhglsi phase cubic NaCl structures.
Traces of wurtzite type hexagonal phase can beteten the surface zone of the coating
with Ti/Al = 0.88. This film grows columnar and gie-phase cubic with <200>

orientation in the substrate near region up tacktiess of ~1.5 um. Corresponding to the
coatings produced by pulsed DC-MS hexagonal phasegresent in the surface near

region.

The main data of the (TjAlx)14YyN films prepared by the two deposition methods and

investigated by XTEM (see Figs. 3, 4, 5, and 7)saramarized in Table 1.

Ti0.41A| 0.57Y 00N 0.72 400 W — — T|049A| 0.49Y 0.02 F|g 3
i Tio.adAl0.49Y 0.02 + .
(é) T|0.496\| 0.52Y0'02N 0.88 400 W — — 0.74%Ti F|g 7a
! . Tig.aAlg.a9Y 0.02 + .
8 Tio.40Al 0.49Y 0.0dN 1.0 400 W - - o4 1.50(;;’“0 02 Fig. 7b
. Tio.adAl 0.49Y 0.02 + .
Tio.59Al 0.45Y 0.02N 1.18 400 W - — 0 42_1%4621%02 Fig. 7c
Q| TioaAlos¥ooN | 072 | 400W | 80kHz | 496ns | TiouAloasYoo2 FF'?Q )
Q| TigahlosdfooN | 0.81 | 400W | 80kHz | 1616ns| TiouAloaYore | Fig.4b
B | ToswAlosYooN | 078 | 400W | 80kHz | 3056ns| TioaAloaYore | Fig. 4C
S
2| TioseAlosaYooN | 0.88 400 W 80kHz | 4976 ns | TigAloasYo02 Fig. 4d

Table 1 Summarized composition and deposition d&atdii.Aly).,YyN films prepared by DC-MS and
pulsed DC-MC which are investigated in-detail byM.ENote: the percentage of Ti increase at the tasge
related to the total target surface area not tleenatel composition.

3.2.4 Hardness and Modulus of Indentation

Figures 8a and b show the hardness (H) and mod&u®f indentation of our films
prepared by DC-MS and pulsed DC-MS as a functiopws$e length, and the Ti/Al
ratio, respectively. Starting from H = 23.5£1.4 GBathe Tb.4:Alo57Y 0.0 film (Ti/Al =
0.72), prepared by DC-MS, with a binary cubic-hextea microstructure, the hardness
increases with increasing Ti/Al ratio and hencereasing frequencies and increasing
reverse voltage pulse lengths, during pulsed DC-MS. The highest hardness valdes o
31.8+2.1 GPa and 34.3t4.3 GPa are obtained focdla¢ings prepared with the longest
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pulse length at frequencies of 80 kHz and 50 kidzpectively. These films have Ti/Al
ratios of 0.89 and 0.88 and are single-phase cilie.DC-MS deposited (T4Alx)1-yYyN
coating with almost identical chemical compositioas a similar hardness of 31.5+1.0
GPa. The modulus of indentation shows a compamdédypendence on the reverse voltage
pulse lengthd,., and hence Ti/Al ratio and increases from ~304 GRa W/Al = 0.7 to
~398 GPa with Ti/Al = 0.89.

W 50kHz D 80kHz H 120kHz O 250kHz
@ DC-MS Ti/Al=0.72 ™ DC-MS Ti/Al=0.88

42

401 (al) - ‘ ®+{> 1400

38 Eit -
36 =-§ ........ 8.—--—"'"’ <) +300

344

E 32 é clr.-~77 'J[.| +200 E
& 30] e S
Tz 28] el 4100 w
26_ | e Hlt
24 + T A +0
221
20 T T T T T T
0 1 2 3 4 5
pulse length tyey (Us)
384 1.
b
2] (@)
34

32 P
B ”

30 c ~%4

281 5

26
241
221
20

H (GPa)

070 075 080 085 090
Ti/Al ratio

Fig. 8 Hardness and modulus of {JAl,)., YN films prepared by pulsed DC-MS witt+ 50, 80, 120, and
250 kHz as a function of reverse voltage timga) and Ti/Al ratio (b). Two films prepared by DCSvare
added for comparison.

The variations in H and E with pulse length are ttuthe linked changes in microstructure
and hexagonal phase content. With decreasing haahgbase fraction (hence increasing
Ti/Al ratio) H and E increase and are maximum fog single-phase cubic film at Ti/Al =
0.88. This is in agreement to the commonly obserredd that hexagonal iLiAIKN
exhibits lower bulk, elastic, and shear moduli canggl to the respective cubic phase [5, 6,
11, 67].
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Comparing Figs. 8a and b reveals that not onlydmemical composition but also the
pulsing induced variation of deposition parametdrave a strong influence on
microstructural and thus mechanical properties.ti@ga produced at a frequency of 120
kHz andt., of 1616 and 3296 ns, labelled with A and B in Rg.have hardnesses of
23.0£1.5 and 30.1+1.9 GPa, although having simildAl ratios of 0.82+0.02 and
0.81+0.02, respectively. The film prepared by pdI8C-MS withf = 80 kHz ande, =
3096 ns, labelled with C in Fig. 8, with an eveghar Al content with Ti/Al = 0.77+0.02
still has a predominantly (200) cubic microstruetuas shown in Figs. 2c and 4c.
Therefore this film has a hardness value of 312€Pa, which is higher than the general
trend in the H vs. Ti/Al graph (Fig. 8b). Theseulés clearly demonstrate that both, the
variation in chemical composition and the changdalsmpa conditions, like plasma
electron-temperature and ion-fluxes, influence riierostructure of our (TixAlx)1yYyN

films and hence their hardness and modulus.

4. Conclusions

(Ti1xAlx)1yYyN films prepared by reactive DC-MS of ag1dAlo.49Y 002 target, grow in a
mixed cubic-hexagonal phase composition. Applyingdiar pulsed DC-MS with low
frequencies and long positive pulse durations tesulsingle-phase cubic @LiAly)1.yYyN
films having excellent mechanical properties. Tinigdification in phase-composition can
be accounted for by modified plasma conditions witbreases found in the electron
temperature J and ion-to-metal ratio i/lJye with increasingte,. These changes are

accompanied by an increase in Ti/Al ratio.

In addition to the modified phase-composition o ttpatings also their morphology is
influenced by applying bi-polar pulsed DC magnetsputtering. The film prepared by
DC-MS, having a Ti/Al ratio of 0.72, shows a <20@sxtured cubic structure at the
interface near region with a growth direction pagtieular to the substrate surface. With
increasing coating thickness the texture changés @ mixed <200>-<111> with a

concomitant formation of the hexagonal phase foacéind tilting of the growth direction.

Increasingey results in a stabilization of the cubic <200> tegtto larger thicknesses and

an associated decrease in hexagonal phase content.

Based on our results we can conclude that by usHpglar pulsed magnetron sputtering of
a Tip.a0Alp.49Y 0.02 target with 80 kHz and 3096 ns a single-phase x28&tured film with
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Ti/Al = 0.78 can be prepared with hardness and rusdof indentation of 31.18 and
369.71 GPa, respectively. Using the same deposammditions during DC-MS would
result in mixed cubic-hexagonal coating with TiFAD.72 and a hardness and modulus of
23.54 and 304.41 GPa, respectively.
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ON THE INFLUENCE OF COATING AND OXIDATION ON THE MECHANICAL

PROPERTIESOF A Y-TIAL BASED ALLOY

M. Moser, P. H. Mayrhofer, H. Clemens

Department of Physical Metallurgy and Materials flieg, Montanuniversitat Leoben,
Franz-Josef Stral3e 18, A-8700 Leoben, Austria

Abstract

The use ofy-TiAl based alloys in high temperature applicatioesjuires an effective
protection against oxidation and concomitant losslwectility. Two coatings, AlAu and
Cro.4sAlos3Y 00N (CrAlYN), are tested for their oxidation protemti in air and their
influence on the mechanical properties of a Ti-428r-0.2Si alloy. Both coatings
significantly improve the oxidation resistance lo¢ investigateg-TiAl. The plastic strain
in they-TiAl outer fiber during four-point-bending testsraom temperature is reduced by
the deposition with AlAu and CrAlYN. After 168 h oxidation at 800 °C umted and
Al,Au coatedy-TiAl samples crack without plastic deformation daehe oxide layers and
interdiffusion zones formed. Contrary, a CrAlYN f@otedy-TiAl four-point bending
specimen still exhibits a plastic strain of 0.12a%ter oxidation at 800 °C for 672 h, as a
thin and dense oxide layer forms. We conclude @eAIYN is effectively retards
oxidation and interdiffusion of-TiAl and hence the commonly observed deterioratibn

mechanical properties by oxidation and interdiffunsis significantly reduced.

Keywords: titanium aluminides, based on TiAl /aedion /

coatings, CrAlYN, Al-Au / brittleness and ductility
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Introduction

Within the Ti-Al system, the 40-50 at.% Al contaigi alloys — so calleg-TiAl based
alloys — exhibit the most attractive propertiestsas low density, high specific stiffness,
high yield strength, and good creep resistanceoupigh temperatures. Consequenthy,
TiAl alloys have the potential to partly replacealng steels and Ni-base alloys presently
used in high-temperature automotive, aerospacepaner-generation applications [1-4].
However, the long-term use @TiAl based alloys in oxidative environments is ikied to
temperatures below 800 °C because of their poatatixin resistance [2-7]. Consequently,
the latter has to be improved to utilize the fudkgntial ofy -TiAl. Alloying the material
with e.g., Nb was shown to be an effective methoderms of oxidation resistance, but

also influences the mechanical properties [3, 8].7,

Improving the oxidation resistance by surface tépines allows the development\eTiAl
based alloys with application-optimized mechanmalperties. Hence, in recent years the
effect of halogen ion implantation [9, 10] or matyoa sputter deposited intermetallic
coatings on the oxidation of varioysTiAl based alloys has been studied [11-14]. Also,
coating systems known for their good performancéNebase superalloys [15, 16] or for

protection of tool steels [17, 18] have been tested

However, due to the relatively low fracture tougémefy-TiAl based alloys as compared
to Ni-base superalloys the influence of the usedasa modification on mechanical
properties and ductility of-TiAl based alloys has to be considered. ContrarNitbase
superalloys the mechanical properties/dfiAl are often reduced by a deposition process
[15, 19, 20].

In the present paper we discuss, in addition talabon resistance, also the influence of
coatings and the deposition process on the dyctfitTi-47AI-2Cr-0.2Si (in at.%) sheet
material. The selected coatings,Ml and Cg 427l 0.53Y0.02N (CrAlYN), exhibit both good
oxidation and thermal stability [14, 21, 22]. Weshby means of four-point-bending tests
that AbAu and CrAlYN only slightly reduce the room tempera (RT) bending strength
of Ti-47AI-2Cr-0.2Si from 893 to 865 and 855 MPaspectively. Excellent oxidation
resistance with small specific mass gains aftert6@2800 °C is obtained for CrAlYN and
Al,Au coated Ti-47Al-2Cr-0.2Si, whereas uncoated TAMZCr-0.2Si shows a strong
mass gain during oxidation in air. Already afteB16of oxidation time at 800 °C uncoated

Martin Moser 148



Publication VI

and AbAu coated Ti-47AI-2Cr-0.2Si exhibit no plastic defation as a thick oxide layer
and large interdiffusion zone is formed. Contrapythat, four-point-bending specimen
coated with CrAlYN can preserve plastic strain df20% in the outer fiber ofTiAl after
oxidation at 800 °C for 672 h.

Compared to commercial coatings like pack-cemedtéteAl, electroplated Ni-Al, and
plasma-sprayed CoNiCrAlY, our CrAlYN coating showstter oxidation resistance and
lower influence on the mechanical properties ofiTAI-2Cr-0.2Si.

Experimental

Intermetallic AbAu and Cg43Alps3Y 00N coatings were deposited by DC magnetron
sputtering, a physical vapour deposition (PVD) teghe, on specimen with a dimension
of 45 x 8 x 1 mm which were produced from Ti-47Al-2Cr-0.2Si sheeterial. This
particulary-TiAl based alloy was selected as substrate matesida exhibits relatively high
ductility at room temperature but low oxidationistggnce [15]. The 2.5 um thin CrAIYN
film was deposited in a mixed Ara2Nglow-discharge (0.4 Pa total pressure, ~35% N
partial pressure) using a @GeAloeeY 0.02 target (PLANSEE SE, Austria), a sputter-power
density of 6.8 W/crfy and a substrate temperature of 475 °C [17, 2B & pm thick
Al,Au coating was deposited in Ar glow discharge framAl target (@ 150 mm) with &
10 mm Au inlets covering 8.8% of the total targetface. The substrate temperature was
300 °C and the sputter power density was 2.7 \Rl/dfarther details on the deposition

parameters are given in Refs. [23, 24].

The films are compared to commercially availablatocms, which are routinely used for
the oxidation protection of Ni-base superalloys¢hsias chrome-aluminizing by pack-
cementation (Cr-Al coating), nickel-electroplatimgth subsequent Al-pack cementation
(Ni-Al coating), and atmospheric plasma sprayingaofiyer of CoNiCrAlY. Details on
deposition parameters, oxidation resistance anchamecal testing are reported in Refs.
[15, 25].

The coated and bare Ti-47AI-2Cr-0.2Si sheets wemghed in a Scaltec SBC21
microbalance before and after isothermal oxidaibB00 °C using a Nabertherm N11/HR

box-furnace for one week (168 h) and one month {§72

Four-point-bending tests were conducted with a Ewd050 machine equipped with a 10

kN load cell. The experimental arrangement is showig. 1. The tests were carried out
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with a cross-head speed of 0.1 mm/min. The benaggea is calculated from the cross-

head displacement according to [25]:

a=2 @rctan; , (1)
ol -1,)

and the bending strengthRs given by:

_3.FI(-1)

2
27 pp? @)

whereF is the applied forcd,is the distance between the lower rolls §nid the distance
between the upper rolls (Fig. 1). The tedmandh denote the width and thickness of the

specimen, respectively.

The strain in the outer fibre of the specimens eadsulated using [25]:
€ "z (3)
wheref is the cross-head displacement and a geometry factor of the bending cell

(0.27). Further test conditions were selected &emgin Refs. [15, 25] to allow a full

comparison of our results with already publishethda

-----

-----

Fig.1 Four-point bending test setup [22].

Fracture surfaces, coating morphologies and irffesion were investigated using a Zeiss
EVO 50 scanning electron microscope (SEM) equippéd an energy dispersive x-ray
analysis (EDX) unit. The EDX line-scans presentedldgerived from elemental maps and

represent an averaged pixel count. They, therefdoenot describe an exact chemical
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composition, but give a good overview of the eletakdistribution along the coating
thickness. Quantitative elemental analyses were adonspecific points of interest using
metallic Ti, Al, Au, and AlOs; and TiN as standards. Quantification of the lattexs
obtained by Rutherford backscattering spectroscagy Ref. [26]. For the elemental
mapping and line-scans of the as-deposited andzexiddample an electrolytic Ni support
film was applied to avoid the removal of the bettixide layer during subsequent grinding

and polishing steps.
Results and discussion

The oxidation behaviour, characterized by the degiass change versus time (t) of Ti-
47Al-2Cr-0.2Si as well as Au and CrAlYN coated Ti-47AI-2Cr-0.2Si (in the folving
referred to ag-TiAl) after annealing in air at 800 °C is shownFig. 2. The unprotected
TiAl exhibits a rapidly increasing mass gain to5t@.15 and 8.97+0.78 mg/énfor t =
168 and 672 h, respectively. The coated materae la much lower mass gain which is
0.79+0.002 and 0.12+0.003 mg/trafter 672 h at 800 °C for #hu and CrAlYN,

respectively.

—@—-TiAl —8— AlAu —O—CrAIYN —[1- Ni-Al

10 T T T b T ¥ T r T [.
9 +'.
81 ;
71 1
& 89 1
£ 57 ;
> 4 1
£ 31 1
e 2] o
< 083 ®3
0.6 5
0.4 ]
0.2 ]
0.0-‘ T g L L 4 T T 'Of
0 100 200 300 400 500 600 700

t (h)

Fig.2 Specific mass change as a function of tinrendusothermal oxidation in air at 800 °C. Theadfdr
Ni-Al coatedy-TiAl, which showed best results in Refs. [15, i6hdded for comparison. The teyrTiAl
stands for the uncoated base material (Ti-47AI-QQSi).

Additionally, the values of-TiAl coated with commercial Ni-Al are added to F@ as
they exhibited the best oxidation resistance, gl in Refs. [15, 16]. The results clearly
demonstrate that CrAlYN is most effective in prditeg y -TiAl against oxidation.

Comparing these data to the findings from Refs, [, the specific mass gain of Ni-Al
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coatedy-TiAl of ~0.8 mg/cnf is similar to our AJAu as shown in Fig. 2, but almost 8
times higher than for CrAIYN coate@TiAl. The Ni-Al, however, seems to follow a

logarithmic mass gain law, whereas the oxidationaveur of AbAu fits to a parabolic

function.

The cross-sectional back-scattered electron (BEH) Bnage ofy-TiAl after oxidation for
672 h at 800 °C with respective elemental map<pAl and Ti are presented in Fig. 3.
The material develops a more than 170 um thickuerfted zone composed of several
layers. The EDX elemental maps reveal Ti-rich ox3dales at the surface, followed by a
non-continuous and porous aluminium-rich regionisTlayer is reported to provide
protection for short but not longer oxidation tinjdg, 28]. Further away from the surface
is a mixed Al- and Ti- oxide layer. These obsexwati correspond to previous

investigations reporting rapid oxidation for Ti-4lf2Cr-0.2Si [15, 25].

0] Al

Fig.3 Back-scattered electron (BSE) SEM cross-seatiimage of uncoated Ti-47AI-2Cr-0.2Si oxidized
for 672 h at 800 °C and the corresponding EDX elgalenaps of O, Al and Ti.

Figs. 4a and b present SEM cross-sections AW and CrAlYN- coatedy-TiAl,
respectively, in the as-deposited state. The 8 lpiok tas-deposited AAu coating has a
dense columnar structure, with a hardness of ~8 &@idaan indentation modulus of ~150
GPa as reported in Refs. [14, 24]. The CrAlYN fims a hardness of ~35 GPa and a

modulus of 490 GPa [23], and hence provides additicupport against abrasion and

wear.

Coating

Wiy )‘(j""u.f '

2pm

Fig.4 SEM image of the cross-section of as-depdZMdeAu (a) and CrAlYN (b) ory-TiAl.
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In Fig. 5 back-scattered electron (BSE) images emdesponding EDX line-scans are
presented of as-deposited CrAIYN andA. In the BSE image of the CrAlYN coating
(Fig. 5a) a sharp interface between coating amdAl substrate is visible. The EDX line-
scan across the distance (d) from A to B (Fig.rélials no interdiffusion, with Cr, Al and

N intensities in the coating area and only Ti anldirensities in the substrate zone.
Comparable results are obtained for theAAl coated material. The BSE-SEM cross-
sectional image in Fig. 5¢c indicates a sharp iat&foetween coating and substrate and no
coating elements are presentyitiAl as shown by the EDX line-scan from A to B ¢Fi
5d). The increased Au intensity above the coatungase origins from a Au evaporation

layer applied prior to the electrolytic Ni supptayer preparation step.

——N—4—Cr—e— Al—&—Ti

E} Coating ! +TiAl

3 relative intensity (arb. units)

0 1 2 3 4 56 7B
d (um)

—8— Al —&— Ti—— Au

[r—r—

{d) :. ' CCE'IEI'Q . .: };“A.I

|
!
| Coating

Fig.5 Back-scattered electron (BSE) SEM cross-seatiimage and respective EDX line-scan from A to B

of as-deposited CrAlYN on Ti-47Al-2Cr-0.2Si in (@)d (b) and BSE SEM cross-sectional image and
EDX line-scan from A to B of AAu (c) and (d), respectively.

N >
6 % 4 6 & o 12 4B
d (pm)

p relative intensity (arb. units)

The effect of 675 h of oxidation at 800 °C onAl coatedy-TiAl is presented in Fig. 6.
The SEM secondary electron image of Fig. 6a revealsrous, voided and open structure
with a dense top layer. A multilayered oxide anéfugdion zone is revealed by BSE
imaging (Fig. 6b). According to the EDX line scdg 6c) a top layer of AD; and TiQ
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is followed by two ~5 um thick Au-rich layers, imdted with Au in Figs. 6b and c. The
upper Au-rich layer contains Al traces and the sdcAu-rich layer has an increased Ti
content. Underneath these layers is a >30 um tHiffksion zone where the grain
boundaries of thg-TiAl substrate are enriched with Au. Further, Aualso detected as

precipitations present in the oxide scale.

—8— Al —A—Ti—»— Au—e-0

() AL+

 Oxider AU | ' -TiAl |

' Audiffusion

3> relative intensity (arb. units)

d(um)

Fig.6 AbAu on Ti-47Al-2Cr-0.2Si after 672 h at 800 °C. &M cross-sectional image, (b) BSE-SEM
cross-sectional image, and (c) EDX line-scan frono A.

SEM analyses of CrAIYN coategTiAl, oxidized for 672 h at 800 °C, are presented
Fig. 7. Even after one month of exposure the CrAlY®dting is still dense and uniform,
see the SEM cross-sectional image, Fig. 7a. Thes moastrasts observable in the BSE-
SEM image (Fig. 7b) in combination with the EDXdiscan (Fig. 7c) reveal a ~1 um
oxide scale composed of Al- and Cr-rich oxides. Tieogen content increases with
increasing distance from the surface. Below thel®@x@a remaining CrAIYN layer is found.
Underneath the former coatipgliAl substrate interface an about 7 um deep spakri
diffusion zone depleted in Al and enriched in TidaN from substrate and coating,
respectively, has formed suggesting the formatibiiN [29], as visible by the equally
strong Ti and N contents (Fig. 7c), and by the apgrece of the semi-circular shaped zone

present in the BSE-SEM cross-sectional image (fy.

In contrast to our findings, the commercial Cr-AldaNi-Al coatings exhibit already after
deposition strong interdiffusion layers of 50-106 thickness, as can be expected after
pack-cementation with process temperatures bet®86rand 1000 °C. The CoNiCrAlY
coating has a small diffusion zone, but a very hoamnd open microstructure. Upon
oxidation only CoNiCrAlY and Ni-Al form a dense add layer, whereas strong local
attack is reported for Cr-Al, see Refs. [15, 16].
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Fig.7 CrAlYN ony-TiAl after 672 h oxidation at 800 °C in air. (at® cross-sectional image, (b) BSE-
SEM cross-sectional image, and (c) EDX line-scamfA to B.

The influence of coatings and thermal exposuremibiant atmosphere at 800 °C for 168
and 672 h on the mechanical properties-GiAl is investigated by four-point-bending
tests. The uncoategTiAl has the highest bending strength of 893+55aviiA the
untreated state which rapidly decreases to 6461883642+9 MPa after oxidation at 800
°C for 168 and 672 h, respectively, see Fig. 8. Béading strength before oxidationyaf
TiAl is slightly reduced by the deposition with,Alu and CrAIYN to 865+8.5 and 855+26

MPa, respectively.

Also the commercially available films reduce thendieg strength of-TiAl. For pack
cementated Cr-Al and Ni-Al coatedTiAl the bending strength is only 420 and 270 MPa
and for CoNICrAlY coated-TiAl Ry, is 850 MPa, comparable to our coate@iAl [15,

16]. From the as-deposited samples we conclude,ctheatings applied with diffusional
processes like pack-cementation strongly decrdessttength of-TiAl based alloys, due
to their thick interdiffusion zones in the range56fto 100 um. We suggest that the much
smaller decrease inyRof y-TiAl found for PVD or plasma sprayed coatings igdo the

much smaller interdiffusion between coating andsgatbe material.

The strong interdiffusion and the formation of widuring oxidation at 800 °C of sdu
coatedy-TiAl result in rapidly decreasing R values from 86526 to 441.0+1.4 and
368.5+12.0 MPa after 168 and 672 h, respectivelg,FSg. 8. The highest bending strength
after oxidation is obtained for CrAlYN coateeTiAl with Ry, values of 728.5+17.8 and
731.0+£7.0 MPa after 168 and 672 h.
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Fig.8 Bending strengthRafter oxidation at 800 °C versus oxidation timaeTCoNICrAlY coating, which
showed best results in Refs. [15, 16], is addeddonparison.

In the case of the commercial coatings the higRgstalue after oxidation at 800 °C was
found for CoNiCrAlY with ~600 and ~580 MPa for t168 and 672 h, respectively. The
bending strength of the Cr-Al and Ni-Al coatg€liAl slightly increased from the as-
deposited value to ~570 and ~400 MPa after one lmerposure. This is attributed to
healing of voids generated during the diffusiondohsoating process [14, 17]. Thg,R
values are, however, smaller than for uncogt@&dAl and much smaller than for CrAIYN

coatedy-TiAl presented here.

Furthermore, the four-point-bending tests are etalllbased on the bending angleand

the percent of plastic strain in the outer fibre paesented in Figs. 9a and b. For uncoated
y-TiAl the ductility is drastically reduced witlm decreasing from 39.0+£2.2° before
oxidation to 12.8+0.2 and 9.4+1.0° after one werl ane month oxidation at 800 °C,
respectively, due to the thick oxide layer formedeg Fig. 3). The plastic contribution to
the total deformation in the outer fibre is 0.52 After already one week of oxidation no
plastic deformation can be observed and the matergcks in the elastic regime. As
reported in Refs. [15, 16, 25] the fracture modeuatoated and Ni-Al, Cr-Al, and
CoNiICrAlY coatedy-TiAl is cleavage. We also observed the same fractnode for

uncoated and our coatgiAl.

Due to the strong interdiffusion and the formatadrnvoids during oxidation, the bending
angle of AbAu coatedy -TiAl is even smaller than that of the uncoatedarial, see Fig.

9a. The bending angle of Mu coatedy-TiAl decreases from the as-deposited value of
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27.3£0.3° to 9.2+0.5° and 7.9+0.5° after oxidatiah 800 °C for 168 and 672 h,
respectively. While the plastic strain covers 0%lfor AlLAu coatedy-TiAl before
oxidation, already after one week of oxidation ta@spc deformation is sustained, similar

to the uncoated material, see Fig. 9b.

Although the bending angle ofTiAl is reduced from 39.0+2.2 to 23.3+2.5° by the
deposition with CrAIYN due to its inherent brittkess, it is only further reduced to
16.8+1.6 and 17.4+0.9° after 168 and 672 h of diedaat 800 °C, respectively (Fig. 9a).
Also the plastic strain in the outer fiber is onéguced from the as-deposited value of 0.20
% to about 0.10 - 0.12 % by subsequent oxidati@0at°C for 168 and 672 h, as shown in
Fig. 9b.

—@— 1-TiAl —®— Al,Au —O— CrAIYN — B~ CoNiCrAlY

40' ' ia]‘.
S 304 |
Q 4
z
S 20- o

10- B
— 0.5 (b)]
= 041 ]
£ 0.3 ]
g 4
2 02 ]

0.1- O]

00 T T T '.I ¥ T v T ¥ T T T -.'f
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t (h)

Fig.9 (a) Bending anglex] and (b) plastic strairgfasid as a function of oxidation time (t). In (a) thata
for CoNiCrAlY coatedy-TiAl, which showed best results in Refs. [15, i6hdded for comparison.

These results are much better than obtained focdh@mercial coatings with as-deposited
bending angles of ~7.5, 8, and 32° yefiAl coated with Ni-Al, Cr-Al, and CoNiCrAlY,
respectively. After one week of oxidation, Ni-Al darCr-Al coatedy-TiAl exhibit a
bending angle of ~10.5 and 8.5°, whereafor CoNiCrAlY coatedy -TiAl is reduced to
~10° (Fig. 9a). For all commercial protective cogf, a stays almost constant and no

plastic deformation is observed if the oxidationdiat 800 °C is longer than ~150 h.

Consequently, only our CrAlYN coategeTiAl samples deform plastically after annealing
in ambient atmosphere at 800 °C, as CrAlYN providesgh best oxidation and

interdiffusion protection for the base material.
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Conclusions

The low fracture toughness, ductility and oxidatimsistance ofy-TiAl based alloys

require the application of coatings with excellexidation and interdiffusion protection.

An intermetallic AbAu coating, which exhibits good oxidation resistamith relatively

small specific mass gain after 672 h oxidation 80 8C, exhibits a decomposed
microstructure, formation of pores and a severerditfusion zone of ~30 pm thickness.
Therefore, the ductility is even smaller than faprotected Ti-47Al-2Cr-0.2Si having an

oxidation influenced surface zone of ~170 pum.

CrAlYN provides the best oxidation resistance yeoriAl with a mass gain of only 0.12
mg/cnt in combination with the smallest interdiffusionneo(~7 pm) of all coatings tested
after one month exposure at 800 °C in air. ConsatyyeCrAIYN coated Ti-47AI-2Cr-
0.2Si shows the best performance during (RT) fampbending tests exhibiting plastic
deformation even after long-term oxidation at 8Q0 °

Based on our results we can conclude that CrAlYNictv provides excellent oxidation
and interdiffusion resistance, is a very promisiogting for the protection gfTiAl based

alloys at elevated temperatures.
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