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Chapter 1
Introduction

1.1 General background

Many surface-related properties of a metallic matare directly linked to the surficial
oxide film, which inevitably forms in contact withn oxidizing gaseous or liquid
environment. Hence tailoring of the microstructafeoxide films on metallic materials
(e.g. the thickness, morphology, composition anfeaestructure [1]) by controlled
variation of the oxidation conditions (e.g. oxideti temperature, oxygen partial
pressure and oxidation time) is essential for adggdtnctional properties, such as the
corrosion resistance, adhesion, electrical conditicti and thermal stability.
Accordingly, a profound knowledge of the interredaship of oxidation conditions and
the oxidation behavior of a metallic material iguged for optimizing specific material
(surface) properties, as well as to assess thaiviggcdurability and reliability of
respective technological components during operaiitder real-life conditions (e.g. in
liquids, in reactive gasses and/or under thermamechanical loading conditions at
elevated temperatures). The oxidation behavior ometallic material, and more
specifically the microstructural evolution of theoging oxide film, can be influenced
directly by alloying with specific elements [2, 3rystalline metallic alloys usually
form either solid solution alloys or specific integtallic compounds over well-defined,
relatively narrow, compositional ranges, as predidby bulk thermodynamics and as
displayed in a bulk phase diagram. Thus the pdambito tailor the oxidation behavior
and thereby the oxide properties by selective tiariaof only the alloy composition
(i.e. without subsequent variation of the alloy mostructure) are generally severely
limited for crystalline alloysAmorphous alloys (or metallic glasses), on the other hand,
can typically be prepared over a relatively widanpositional range, while fully
preserving the amorphous state. Moreover, since ¢p@undaries are naturally absent
in amorphous solids, the oxidation of amorphousyallis expected to result in a
compositionally and structurally much more homogengamorphous) surface oxide
layer as compared to the respective (crystallinajleo layers grown on crystalline

alloys. Such compositionally and structurally homogus amorphous oxide films are
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expected to exhibit superior properties, such aprowed oxidation and corrosion
resistance [4-6].

The binary alloy system Al-Zr exhibits excellenagg forming ability over a wide
compositional range (0.29xa < 0.83) [7], as well as a high thermal stability; [Blthus
represents an ideal model system for a systemtatity ©f the sole effect of the alloy
composition on the oxidation and corrosion behavadr(amorphous) alloys.

1.2 Focus of this thesis

This thesis presents a systematic and comprehenswestigation of the thermal
oxidation of amorphous Ar;y (am-AlZrx) alloys over a wide compositional range
under varying oxidation conditions (e.g. oxidatiemperature, oxidation time). It
comprises the investigation of the developing oxpth@ses, the oxide microstructure,
the oxidation kinetics and the corrosion behavibrttee alloys as function of the
oxidation conditions.

To this end, 2 pm-thick am-£&dr;.x coatings in a composition range of 02& <
0.75 were prepared by magnetron-co-sputtering onmd@m-SiQ/50 nm am-SiN4/Si
wafers and subsequently oxidized in a temperatamge ofT = 350 °C — 560 °C at
Poz = 10° Pa for up to 10 h. The microstructural evolutiaishe parent am-AFri.
alloy and the oxide overlayer, as formed duringrtted oxidation, were characterized
by means of X-ray diffraction (XRD), cross-sectib(enalytical) transmission electron
microscopy (TEM), Auger electron spectroscopy (AE&pth profiling, X-ray
photoelectron spectroscopy (XPS) and ex-situ speabpic ellipsometry (SE).

The experimentally-observed changes in the miarogire and composition of
the developing oxide phases as function of theatod conditions are discussed from
both thermodynamic and kinetic points of view angl i@tionalized by thermodynamic
model calculations exposing the dominating roléhg&rmodynamics in controlling the
oxide phase composition, even for amorphous oxigegrowths.

Furthermore, the oxidation kinetics of amorphous,ZAl, alloys were
investigated as function of the alloy compositi@n26 < x < 0.68) and the oxidation
temperature (350 °€ T < 400 °C) at a constant oxygen pressyxe (= 1x10° Pa). In
order to elucidate the underlying oxidation mechkami the oxidation-induced
compositional changes in the parent alloy adjaterthe oxide/alloy interface were

investigated by AES depth profiling analyses.
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Finally, with respect to the practical applicatioh oxide layers, it has been
investigated whether the controlled pre-oxidati@matment of the am-/4Zr,., alloys as
done in this work offers a promising route for tevelopment of a new generation of
corrosion-resistant coating systems based on pdizexl amorphous alloys. To this
end, the electrochemical behavior of untreated predoxidized am-Alr;x alloy
coatings was investigated by employing an elecenubal microcapillary technique.

1.3 Background

1.3.1 Amorphous alloys

Due to their compositional homogeneity and absaideng-range order, amorphous
metallic alloys show unique properties, such asipuaced resistance against oxidation
and corrosion [4-6] and favorable mechanical aedtebnic properties (see [9, 10] and
references therein), as compared to their crys&lGounterparts. Hence amorphous
metallic alloys have been investigated as promisiagdidates for e.g. biomedical
materials, such as biodegradable implants madeg@bdéed BMG, which show good
biocompatibility and possess high mechanical streagd elasticity in comparison to
crystalline Mg-based alloys [11]. Especially thenfly of Zr-based amorphous metallic
alloys have attracted much interest, since theygxssa high thermal stability, high
strength, high ductility, low coefficient of therimexpansion and a good corrosion
resistance [12]. For example, amorphous Zr-Al-Ni-@lloys find applications as
pressure sensors with a high pressure enduraneaifemobiles or micro-geared motor
parts with high torque for cellphones (see [13] eefdrences therein).

Since the discovery of the first amorphous alloyef@lic glass) in the Au-Si
system, prepared by a rapid quenching techniqué9s0 [14], many more alloy
systems capable to form an amorphous structuren(itieout a long-range atomic order)
have been discovered (see [15] and referencesirthefgaditionally, to obtain an
amorphous structure high cooling rates were reduikence, it was only possible to
fabricate amorphous alloys in very small dimensli@tiaictures which allow a fast heat
extraction [4], such as thin ribbons, wires andrfients. This severely constrained the
possible fields of application of amorphous metathaterials. With time, special multi-
component systems with high glass-forming abiliijch require lower critical cooling
rates, were discovered. The following developmdnsacalled bulk metallic glasses

(BMG) in centimeter-scale dimensions represents ikestone in the research of
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amorphous metallic alloys (see [13] and refererticesein). Since then, possible fields
of application of amorphous metallic alloys rapidkpanded.

However, for some alloy systems it is either imglassat all to achieve the
amorphous state by rapid quenching from the meit,only possible in special
concentration ranges, e.g. near the eutectics,talube fact that a sufficient/critical
cooling rate is required. This is especially theecéor metallic alloy systems in which
the alloy components have considerably differentingetemperatures, as it is the case
for e.g. Al (T, = 660.4 °C [16]) and Zr (1852.0 °C [16]), or whit)e components are
immiscible in their liquid state. For these alloystems alternative processing routes,
which involve higher effective cooling rates andtw not require melting for alloy
formation, have to be applied to obtain an amorghstoucture [17]. Such alternative
routes include, for example, atomic/molecular démrs techniques (chemical or
physical vapor deposition such as magnetron spugbeor external action techniques
(e.g. ion beam mixing, ion implantation) [4]. Withese techniques it is possible to
obtain amorphous single phases over a wide coniposinge and even to expand the
possible range of glass-forming alloy systems. Hetails of the formation of

amorphous Al-Zr alloys, see Section 1.3.4.1.
1.3.2 Oxidation

1.3.2.1 Oxide phase formation

The fundamental understanding of the oxidation behaof metals and alloys is of
great scientific and technological interest, beeatn® surficial oxide layer formation
may lead to many improved materials properties iicd numerous application in
state-of-the-art technologies, such as in micraelaecs with attractive electrical
properties [18-20], protective coatings againstrasion processes [21, 22] or as gas
sensors [23, 24]. While oxidation of crystallinetalkc materials has been investigated
for decades, the oxidation behavior of amorphoutalisiewhich represent a relatively
young class of materials, remains largely unknown.

Upon oxidation of a metallic element (Me), the thedynamic driving force for

the oxidation reaction,
x:-Me(s) +y/2:0,(g) = MeOy(s),

is provided by the change in chemical Gibbs enagppciated with the formation of the

oxide phase(s). For most metals the Gibbs energngsh of the corresponding
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oxidation reaction is strongly negative and thusative) oxide layer forms inevitably

on top of a metallic material in contact with anidizing atmosphere. In first

approximation, the chemical Gibbs energy of forovatior given temperature and
pressure conditions is decisive for which oxideggha formed. However, not only bulk
thermodynamics, but also surface and interfacegg®ecan play a crucial role in oxide
formation behavior. For instance, during initialigdation, a very thin amorphous oxide
layer can be more stable up to a critical thickrtbas its crystalline counterpart due to
their relatively low interface energy with the daline parental alloy or the ambient,
which compensates the higher bulk Gibbs energyhefamorphous oxide, as it is the
case for the oxidation of e.g. Al crystals [25] afrccrystals [26].

In comparison to pure metals, metallic alloys geltgrundergo much more
complex oxidation behaviors, since they may contaiore than one oxidizable
constituent [27]. Thus, several different oxide g#¢® with more or less extended
solubility ranges (e.g. binary, ternary or multynarxides), can be in thermodynamic
equilibrium. Moreover, upon ongoing oxidation, tlwemposition of the metallic
substrate (and thus also the solubility of oxyghker¢in) can be changed by the
preferential oxidation of specific components. Thigdation-induced compositional
change of the substrate can induce formation ¢érdymetallic phases, or stabilization
of different oxide phases during oxidation. The dation behavior is further
complicated by kinetics, e.g. by the different niitles of reacting species in the oxide
or the alloy phase, which can favor or impede fdiomaof certain oxide phases [27,
28]. All the before mentioned factors can influenmed govern the oxide phase
formation, microstructure and composition, upomniiied oxidation of metallic alloys.

The analysis of the oxidation behavior can be ewene complex if the parental
alloy has an amorphous structure, since the oxidggse formation in case of an
amorphous alloy — which is a thermodynamically reiethle state — cannot be described
using classical bulk thermodynamics. Hence, a ptiedi of the oxidation behavior of
amorphous alloys according to bulk thermodynamiss difficult. It is further
emphasized that, due to the amorphous state giatent alloy, growth stresses in the
developing oxide overlayer due to lattice mismagtiain, and interfacial energies will
differ from the case of oxide formation on the t¢ajlne alloy counterpart of the parent
alloy (and will probably be less influential) [26].

13
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1.3.2.2 Kinetics of oxidation

Although the presence of a chemical driving forca iprerequisite for oxide formation,
it contains no information about the kinetics ofdexformation, which is dependent on
the reaction mechanism at the gas/oxide and/orothde/metal interface and the
migration rate of ions/atoms/electrons across th&leo scale. To understand the
oxidation reaction kinetics a closer consideratidrthe oxidation processes is given
below.

The generally fast initial oxidation of a metal aloy surface in contact with an
oxidizing atmosphere begins with the physisorptidroxygen molecules on the metal
surface and the dissociation of the adsorbed migsoichemisorption), followed by
oxide nucleation and growth to form a laterallysg#d oxide film. This laterally-closed
oxide film then constitutes a diffusion barrier aggiing the oxidizing atmosphere and
the metal/alloy substrate. Further oxidation, geowth of the oxide film, can only
proceed by the migration of (charged) reactant ispe@.e. cations, anions, electrons,
holes and vacancies) through the ‘barrier’ oxidia {28, 29]. In Figure 1.1 a schematic

illustration of an oxidation process is given.

2 O,(9) RApElSRT PO chemisorption

1/2 02 ﬁ\

Metal

Figure 1.1: Schematic illustration of an oxidation processaofmetallic material with high
oxygen dissolution. The oxidation reaction takescelby inward diffusion of oxygen towards
the reacting oxide/metallic material interface.

According to Wagner’s theory of oxidation [28, 30]e oxide-film growth rate of
an oxide scale at high oxidation temperatures i\&egwed by the thermally-activated
diffusional processes of reactant species acrossgtbwing oxide scale. Thereby

opposing fluxes of metal ions and oxygen ions atal#ished across the oxide scale as

14
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induced by chemical potential gradients, which areresult of thermodynamic
equilibrium assumed to prevail both at the oxidaetsphere and oxide/metal interfaces.
The electric field built up by the charged ions ratghg across the oxide scale, induces
a transport of electrons across the oxide scaledimtain electroneutrality throughout
the oxide scale [28, 30]. Hence the resulting oXiltke growth kinetics is governed by
the slowest-moving reactant species through théeolim as it is the rate-limiting step

for the oxidation process [28, 30].

1.3.3 Electrochemical behavior of amorphous alloys

The corrosion behavior of amorphous alloys is ofytiar interest since amorphous
alloys can have superior corrosion resistance awmpaced to their crystalline
counterparts. Unlike crystalline materials, amonghalloys possess no lattice defects
(e.g. grain boundaries, kinks, dislocations or lgtag faults) or second-phase particles
at which corrosion often preferentially occurs. $tibhe improved corrosion resistance
found in some amorphous alloys is often attribuiedheir structural and chemical
homogeneity [4, 6, 31]. Also the ability of amorpisocalloys to rapidly form a passive
amorphous oxide film with minimized defect struetije.g. no grain boundaries) can be
responsible for an improved corrosion behavior bjanding the ionic movement
through the passive film. Moreover the flexible oy configurations in amorphous
oxide might compensate lattice mismatch or stragtwben oxide and metal.
Consequently, the film ductility and bond flexibflimight lead to a highly protective
passive film, which is more stable against crackiggstress. Furthermore, amorphous
alloys have the ability to form a supersaturatelidssolution in comparison to its
crystalline counterpart (by exceeding equilibriunlubility). Hence alloying with a
more corrosion resistant element can improve theosmn behavior of the solid
solution by incorporation into the (amorphous) exidilm or by retarding the
dissolution rates of the underlying metallic suditsti{4, 6, 31].

Al metal, for example, provides good corrosion stsice in neutral
environments, due to the fact that Al is coveretliraly with a stable continuous and
uniform amorphous oxide layer which provides passiyn acidic and basic solutions,
however, Al metal actively dissolves (cf. the Paixidiagram in Figure 1.2) and is also
very susceptible to pitting corrosion in chloridentaining solutions [32, 33]. By
alloying with a transition metal (TM) like W, Ta, &Nb, Cr or Zr, the corrosion
resistance of Al-based alloys in corrosive envirents can be greatly improved due to

15
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the formation of a structurally and compositionallgiform, passivating amorphous
(oxyhydr-)oxide film which contains cations of batie aluminum and the corrosion-
resistant element [17].

According to the Graph-theory, which describesdbeosion behavior of binary
alloys, a critical minimum concentration of the Thlloying element in the
(oxyhydr-)oxide film is required to induce passyitThereby a continuous network of —
TM-O(H)-TM- bridges establishes in the oxide filmhieh is more stable than —Al-
O(H)-Al- bridges in an aqueous solution and thergbgrove the corrosion resistance

by impede the transport of ions and defects thrahgipassive film [34].

1.04 (b) -
0.5 1 .
| , -
0.0 Al AlLO, AlO,
1@
> —0.5 T
g ]
S -1.0
1.5 Corrosion Passivation Corrosion
-2.0
Al
2.5 T Ilmn}un%ty — T T T T T T T
-2 0 2 4 6 8 10 12 14

Figure 1.2: Pourbaix diagram (potentigE) — pH) of aluminum (adopted from Refs. [35, 36]).

1.3.4 The Al-Zr binary alloy system

Up to date, Al-Zr alloys have been used as hydraggter materials in vacuum systems
[37-39]. Al-Zr alloys are also considered as pat#ntandidates as fuel-element-
cladding material in the nuclear industry, sinceZAlalloys have low absorption cross
sections for thermal neutrons [37]. Since corroglamage in nuclear reactors occurs
primarily by hydrogen and oxygen diffusion througtain boundaries, the high glass
forming ability of the Al-Zr system to form an anptous alloy, which can provide

improved corrosion resistance due to its structaradl chemical homogeneity (i.e.

without grain boundaries), is of additional interg®, 41].
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Further, the oxidation of (amorphous) Al-Zr allagsform an amorphous ZgO
Al,O3 phase has attracted interest in recent yearse amorphous oxides are promising
candidates as higk-materials, because they have a uniform dielecwitstantk and
possess no grain boundaries serving as electri@deapaths [42]. The ZgAl,03
binary system shows structural stability of the gphous ZrGQ-Al,O; phase at high
temperatures, which makes it a promising matesdlighk dielectric material [43].

1.3.4.1 Preparation of amorphous Al-Zr alloys

The binary alloy system Al-Zr is characterized by excellent glass forming ability
over a wide composition range. The preparation mbr@hous Al-Zr alloys can be
achieved by various techniques, such as mechaalioging (e.g. ball milling) [44-46],

ion beam mixing [47] and magnetron sputtering [7, 48, 49]. Even the preparation of
amorphous Al-Zr alloys by rapid quenching of Alizelt was reported by Gudzenko in
1974 [50]. In this case amorphous Al-Zr alloys weehieved only in special
concentration ranges near the eutectics (45 — 5% air, 63 - 74 at.-% Zr), whereas
amorphous Al-Zr thin films formed by sputtering céne achieved over a wide

concentration range from 17 to 71 at.-% Zr [7].

1.3.4.2 Oxidation of amorphous Al-Zr alloys

Hitherto, the oxidation behavior and oxidation mewkm of Zr-based multi-component
bulk amorphous alloys has been well investigatedb[H1-53], whereas the oxidation
behavior of the binary amorphous Al-Zr system haseived much less attention.
Consequently, a thorough understanding of the édwidanechanisms of amorphous Al-
Zr alloys is lacking.

According to bulk thermodynamics, the pseudo-binargse diagram of AlQ—
ZrO, (Figure 1.3) doesn’t show the existence of etygtalline ternary oxide phase, but
only the existence of crystalline binary oxide @& aALO; and ZrQ, each in different
modifications) [54, 55]. Depending on the condispseveral modifications of AD;
and ZrQ exist. ZrQ possesses three crystalline polymorphs: monoclai3ZrO,
(< 1173 °C), tetragonal()ZrO, (1173 °C — 2370 °C) and cubig-)ZrO, (2370 °C -
2690 °C) [56]. For AlOs, rhombohedrabi-Al ,03 and metastable cubieAl,O; are the
most important polymorphs [57].

Generally, in binary alloy systems, the oxidati@havior can be predicted more

easily if one of the constituting elements is mudbler than the other, e.g. for the
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system Ni-Pt [58]. However, the Gibbs energy ofdexiormation per one mole oxygen
of all (possibly forming) crystalline binary Al andr oxide phases is very similar
indicating that both elements, participating in thadation reaction, show a similar
high affinity towards oxygen. Consequently, a pcédn of the sequence of oxide phase
nucleation and growth upon thermal oxidation of ¢gohous) Al-Zr alloys that is
solely based on the comparison of the values ob&énergy of oxide formation of the
competing oxide phases is often oversimplifiedth@ case that the equilibrium binary
crystalline Al and Zr oxide phases form simultar&pwpon oxidation of (amorphous)
Al-Zr a phase separation is expected since thedasbunary phase diagram of A|@—
ZrO, shows no mutual solubility of the equilibrium bipeacrystalline oxide phases at

room temperature and up to the eutectic point 80FT [55].

2750
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Y210,
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§ 1856 L+A104
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[} 1750
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0 66.70 Al, at.% O 60.00

Figure 1.3: Pseudo-binary phase diagram Z80, s as taken from Ref. [54].

Hitherto, the oxidation behavior of amorphous Alafloys has only scarcely been
investigated [48]. For example, Soro&hal. [48] investigated the structural stability
and oxidation resistance of amorphous Al-Zr allayers. At elevated oxidation
temperatures (up to 700 °C) the amorphous Al-Zedagf only 150 nm thick fully
transformed into an amorphous oxide layer. Howesaedetailed investigation of the

oxide composition, the oxidation-induced changeth@ substrate layer, the oxidation
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mechanism and the oxide-film growth kinetics has been performed. Clearly such a
process (oxidation of 150 nm thin amorphous Al-&)not representative of the

oxidation behavior of bulk amorphous Al-Zr alloys (@ddressed in the present thesis).

1.3.4.3 Electrochemical behavior of amorphous Al-Zr alloys

As already introduced in Section 1.3.3, the allgymf Al with a more corrosion-
resistant element, like Zr, can lead to an improwamrosion resistance. The
investigation of the corrosion resistance of amoyshAl-Zr alloys, covered initially
with an amorphous native oxide layer, was obsetee@nprove with increasing Zr
content in both the alloy and in the passive (Ak@xyhydr)oxide film, formed upon
anodization [6, 7, 17, 59, 60]. Certainly, the @pilof the amorphous alloy, to be
structurally and chemically homogeneous, plays @ k#e in improved materials
corrosion behavior [52]. However, it is generallgkmowledged that not only the
homogenous amorphous state of &Hey promotes superior corrosion behavior, but its
ability to form an amorphouaxide overgrowth also plays an important role [61]. The
am-AlZry alloy system allows the formation of a relativéiyck amorphous (Al,Zr)-
oxide overlayer by thermal oxidation under seleagidlation conditions, as compared
to the only-few-nanometer-thick native amorphougZ4h-oxide films formed on the

as-deposited am-A}JZry alloys (covered with a native oxide layer).

1.4 Experimental approach

A prerequisite for a thorough investigation of tikermal oxidation behavior and the
underlying oxidation mechanisms of (amorphous)yalles the application of various
experimental approaches combining microstructundl @mpositional characterization
techniques with the analysis of the oxide-film gthwkinetics. Thus, in the present
thesis, a combined experimental approach by XRDSXRES, cross-sectional
(analytic) TEM and SE has been applied for the stigation of the oxidation behavior
of amorphous Al-Zr alloys under defined oxidatioonditions. Furthermore, the
corrosion behavior of as-deposited and oxidizedAdZr alloys has been investigated

by the electrochemical microcapillary technique.
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1.4.1 Oxidation procedure of am-AliZr1.x

Oxidation of sputter-deposited amz&t,x specimensX = 0.26, 0.35, 0.44, 0.51 and
0.68) was performed in quartz ampoules at oxidateonperatureJ, in the range of
350 °C — 560 °C for up to 10 h under a constangerypressure qdo, = 1 x 10° Pa. In
order to obtain an oxygen pressurepef= 1 x 10° Pa at e.g. the oxidation temperature
Tox = 350 °C, the evacuated quartz ampoules werel fdteroom temperature (RT) with
pure oxygen gas qig. = 4.70x 10" Pa, which corresponds pe. = 1 x 10° Pa afTox =
350 °C. Analogously, quartz ampoules were prepafed various oxidation
temperatures. The specimens were either enclogetately in quartz ampoules or,
when it is necessary to compare the oxidation bhehaxf the amorphous alloys of
various alloy compositions, a special constructioeach quartz ampoule is employed,
which holds a set of specimens of all different positions to ensure identical
oxidation conditions (Figure 1.4). Oxidation of tsggecimen(s) in such-prepared quartz
ampoules was performed isothermally at differégtfor different oxidation timesoy.
After the oxidation, the quartz ampoules were imiaiedy quenched in wateiT (~

18 °C), which promptly terminated the thermal oxiola process.

Figure 1.4: Special construction enabling the oxidation obaaf am-AlZr; .« specimens with
various alloy compositions under identical oxidatamnditions.
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1.4.2 Structural and compositional characterization

The development of the microstructure of the evwvialloy-substrate/oxide-film
system during thermal oxidation of amz&t;  alloys was investigated by XRD, cross-
sectional (analytical) TEM, AES and XPS.

X-ray diffraction is a powerful non-destructive metl to characterize the phase
and microstructural evolution of a material. Insthstudy, X-ray diffraction (XRD)
analysis was applied to investigate the microstmecof the as-deposited amga&t; .«
alloy specimens and to monitor the evolution ofstailine (oxide or intermetallic)
phases upon oxidation of ams&f;.x specimens.

In this study, cross-sectional TEM analysis was liadpto determine the
microstructure of oxidized am-fr; alloys. To this end, cross-sectional TEM
lamellae were prepared from as-deposited and aeddam-AlZr; .« alloy specimens by
the Tripod polishing technique [62] and investigatey TEM. The elemental
distribution in the oxidized am-/&r,x alloy specimens were investigated by energy-
fitered TEM (EFTEM) imaging and electron energysdo spectroscopy (EELS)
elemental mapping.

AES and XPS analyses [63] were used to obtain #tatide and quantitative
description of the chemical constitution of thei¢lized) am-AlZr, alloy specimens.
By performing alternating cycles of AES/XPS anadyaind ion sputtering, a depth-

resolved elemental distribution was determined.

1.4.3 Oxide-film growth kinetics by spectroscopic ellipsometry

The principle of ellipsometry was first introducbyg Drude in 1887, but only became
popular in the 1970’s when the first complete awtbom of spectroscopic ellipsometry
measurements has been realized [64-66]. Ellipsgmatiows the non-destructive
determination of e.g. optical constants and thHm-fthicknesses by measuring the
change of the state of polarization of a lineadiapzed light beam upon reflection on a
specimen. Usually, the incident linearly polarideght beam becomes elliptical upon
reflection on a specimen, which is the reason &nimg [66].

The electric field vectoE;, revealing the state of polarization of the incidg = i)
and the reflected (j = r) light, is described b{parallel to the plane of incidence) and s-
(perpendicular to the plane of incidence)polarizethponentsE; = Ej, + Es. Upon
interaction of the linearly polarized light with eéhspecimen surface, the light gets

typically elliptically polarized due to a changephase and amplitude of the reflected p-
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and s-polarized components. The change in polaiz# described by the ratio of the
amplitude reflection coefficientst, and rs, for p- and s-components, which are
composed of the ratios of the reflected to thedewt electric fields. The ellipsometric

parameter&’ andA are then given by:

p =tanWexp(id) = :—‘S’ = (?)/(i—:) (1.1)

ip
The ellipsometric parametét describes the amplitude ratio between reflecteahg-s-
polarized components, while represents the phase difference between reflectadd
s-polarized components [66]. A schematic illustnatof the measurement principle of

spectroscopic ellipsometry is given in Figure 1.5.

Specimen

Figure 1.5: The measurement principle of ellipsometry as agtbfriom Ref. [66].

In the present work, spectroscopic ellipsometnestigations were performed in
order to determine the change of oxide-film thidsas function of the oxidation time
at constant oxidation temperatures. The ellipsametreasurements were performed
with a J.A. Woollam M-2000" spectroscopic ellipsometer, equipped with a Xétlig
source, by recording?(4, @) and A(4, ¢) in a wavelength range ol =300 nm —
850 nm and at variable angles of incidence ef60°, 65°, 70° and 75° (with respect to
the specimen-surface normal). From the recorddgdselinetric valuesW(A, ¢) and
A4, ¢), and by adopting an optical model description foe £volving oxide/alloy-

substrate system the oxide-film growth kineticsenbeen determined.
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1.4.4 Microelectrochemical measurements

The electrochemical microcapillary technique ensbtee measurements of local
(electrochemical) corrosion currents of a very $raaka of the alloy [67-69] and as
such, thentrinsic corrosion behavior of passivating metal and aflosfaces. This is not
possible with large-scale electrochemical scanmmeghods for which the measured
corrosion behavior is generally affected by comjmsal and structural

inhomogeneities, scratches, contamination or oliheal defects within the immersed
sample area.

Microelectrochemical measurements were carried oot as-deposited and
oxidized am-AlZr,.x alloys applying the electrochemical microcapilléeghnique [68,
70]. The microcapillary, filled with an electrolytd M HCI, pH = 0), acts as an
electrochemical cell connecting the working eled#roi.e. the (oxidized) am-£dr; .«
specimen, with the Pt counter electrode. A satdratgomel electrode (SCE), to which
all potentials are referred, is connected via acteblytic bridge. The tip of the
microcapillary has a diameter of 300 um, defining size of the investigated area, and
a silicon seal, which hinders the leaking of theceblyte during contact with the am-
Al Zr14 alloy surface. A schematically drawing of the expental setup is given in
Figure 1.6a.

Prior to the potentiodynamic polarization measumasiethe microcapillary is
positioned on the sample (see Figure 1.6b) andpleea circuit potential (OCR)e. the
potential of the specimen (working electrode) retatto the reference electrode in
absence of an applied potential, is recorded fimirtutes. Thereupon, potentiodynamic
polarization curves, i.e. the current density &sration of the applied potential, with a
scan rate of 1 mVswere recorded starting from a potential 250 mV enuzgative than
the recorded OCP. Investigation of the microelattemical behavior of the specimens
has been performed on at least three differentimtzaon the specimen surface in order

to examine the homogeneity of the corrosion behravio
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Figure 1.6: (a) Schematic illustration of the electrochemical maapillary technique setup and
(b) the microcapillary, mounted on a microscope, intact with the sample. Images taken from
Ref. [69].

1.5 Outline of the thesis

In recent years, amorphous metallic alloys have lr@ensively investigated because of
their remarkable physical and chemical properteg, high corrosion resistance [4-6].
Despite these intensive research activities, matiV little is known about the oxidation
behavior of the amorphous metallic alloys. Thissthgresents a comprehensive and
fundamental investigation of the oxidation behawbam-ALZr, alloys, in particular,
the oxidation mechanism, the developing oxide nsittwture and the oxide growth
kinetics, using a combinatorial experimental apphoaising XRD, cross-sectional
(analytic) TEM, AES sputter-depth profiling and SE.

Chapter 2 addresses the development of oxide plaasksnicrostructure upon
thermal oxidation of am-AZri alloys (0.26< x < 0.68) in the temperature range of
350 °C — 500 °C. Special focus was on the influesfcam-AkZr; .« alloy composition
and oxidation conditions on the developing oxidetaThe role of thermodynamics on
the oxide layer composition is discussed.

Chapter 3 presents the oxide growth kinetics of ramaus (Al,Zr)-oxide layers,
as grown by thermal oxidation of amz&t; alloys (0.26< x < 0.68) at oxidation
temperatures of 350 °C — 400 °C. Further, the omygmubility and diffusivity in the

24



Introduction

amorphous alloys as function of the amorphous atoyposition are investigated. The
relationships between the observed oxidation kisetthe oxygen diffusivity and
solubility in the amorphous alloy and the compositof the amorphous oxide layer are
discussed and an oxidation mechanism is proposed.

Chapter 4 deals with the thermal oxidation of anAlgusZross alloy at high
oxidation temperatures of 500 °C - 560 °C. The eatwbn of a crystalline tetragonal
ZrO, (t-ZrOy) phase upon prolonged oxidation at 560 °C, imnteljiaunderneath the
initially formed amorphous oxide layer, is discusseth regard to oxidation-induced
compositional changes in the alloy below the reactlloy/oxide interface.

In Chapter 5, the local electrochemical behavicasfieposited and oxidized am-
Al Zr14 alloys is investigated with the electrochemicatmocapillary technique. The
local electrochemical behavior of as-deposited d@+Ax alloys (0.26< x < 0.75) is
examined with regard on the alloy composition. €ffect of a pre-oxidation treatment
of am-AkLZr, 4 alloys (0.35< x < 0.68) on their electrochemical behavior is disedss

terms of the properties of the thermally-grown akh4r)- oxide overlayers.
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Chapter 2

Thermodynamics controls amorphous oxide formation:
Exclusive formation of a stoichiometric amorphous

(Alo.33Zro.67) 01.83 phase upon thermal oxidation of Al-Zr

Katharina Weller, Zumin Wang, Lars P. H. Jeurgams Eric J. Mittemeijer

Abstract

During thermal oxidation of binary amorphoust} « solid solutions over wide alloy-
composition (0.26< x < 0.68) and oxidation-temperature (350 °C — 560 rdDges, a
singleamorphous ternary oxide phase of well-definstbichiometry, (Ad.332r0.67)O1.53
emerges. The composition of this unexpectedly Biometric ternary amorphous oxide
phase, that develops instead of the crystallin@leoythases AD; and ZrQ, under
conditions far away from genuine thermodynamic Mopum, is governed by
thermodynamics, as demonstrated by thermodynamaesamsent, adopting the
amorphous (Al33Zr0.67)01.83 phase as a supercooled liquid oxide-oxide@adZrO,)
solution phase.

2.1 Introduction

Metallic alloys oxidize naturally under environmaingir during service conditions,
leading to oxide overgrowth on the alloy surfack The composition and structure of
the developing oxide layer determine various imguurtsurface-related properties of
alloys, such as friction, wear, adhesion, catalgitivities, corrosion resistance and
long-term stability/reliability, which are of vitatnportance in real-life applications [2].
Amorphous oxides have a more homogenous structnde passibly also a more
homogenous composition as compared to their ctiystalounterparts, which can result
in improved surface properties [3]. Therefore, fation of amorphous oxide layers
upon oxidation of alloys is often preferred in vieWwpractical applications. Recently, in
particular multi-component amorphous oxides havawdr great interest as building
blocks of advanced electronic components [4]: feamaple, transparent conducting

oxides (e.g.amIn,03-Zn0O) [5], amorphous oxide semiconductors (eagrIn,Os-
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Ga0s-Zn0) [6, 7] and amorphous oxide highdielectrics (e.gam-ZrO,-Al,O3, am-
HfO,-SiO,) [8].

The atomic structure and formation mechanism ofrahmus oxides, especially
for multi-component amorphous oxides, are still fhoainderstood. The bulk Gibbs
energy of formation of an amorphous oxide is alwayger (less negative) than that of
the corresponding crystalline oxide and therefdre amorphous oxide is normally
considered to be thermodynamically metastable. Kewsdt has been shown that the
growth of ultrathin (typically below 2 nm) amorplsooxide films on pure metals and
metallic alloys can be thermodynamically preferdee to their favorably low surface
and interface energies [9, 10]. The occurrencehatkér amorphous oxide layers,
instead, is usually considered to be a consequehddnetic obstructions for the
formation of the stable crystalline oxide phased$)the relatively low oxidation
temperatures [11, 12]; the composition of thesatingdly thick amorphous oxide layers
then is believed to be controlled by oxidation kice (which depends on the original
alloy composition and the relative transport ratésnetal atoms/cations through the
oxide film) (see e.g. [13, 14]).

In contrast with this common interpretation, insthvork it is shown that, upon
growth of relatively thick (at least up to a fewOL@m) amorphous oxide layers by
thermal oxidation of binary metallic alloys, thengoosition of the formed multi-
component amorphous oxide layer can be fully gaaehry bulk thermodynamics. Such
results are presented for the thermal oxidatiorbiofry amorphous AZr; alloys
where, over wide alloy-composition (0.26< < 0.68) and oxidation-temperature (350 —
560 °C) ranges, a single amorphous ternary oxidasg@hwith a well-defined
stoichiometry, am-(Al3Zros7)O183 forms, which can be fully explained on a
thermodynamic basis. Generally, the finding demaess that bulk thermodynamics
can still control precisely a material process euader conditions far away from the

genuine thermodynamic equilibrium.
2.2 Experimental procedures and data evaluation

2.2.1 Amorphous AliZr;x alloy specimen preparation

Amorphous AlZri coatings (thickness about 2 um) were deposited &i(100)
wafers (4-inch, covered with am-Si@nd am-SiN,4 layers, each 50 nm thick), by co-
sputtering from pure Al (purity 99.9995 wt.%) and @urity 98.5 wt.%) targets in an
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ultrahigh-vacuum sputter system (base pressurel® 5Pa). The wafer substrates were
sputter-cleaned for 1 minute by Aipbns with an applied acceleration voltage of 105 V
prior to the layer-deposition process. During dépms an equilibrium chamber
pressure of 0.5 Pa was maintained by introduciegAthgas (purity 99.9999 at.%) at a
constant flow rate of 15 ml/min. During sputterasdeng and the subsequent layer
deposition the wafer substrates were rotated withtation speed of a few tens of cycles
per minute.

The deposition of the amorphous,&i, « alloys was carried out by keeping the
power applied to the Zr target constanPat= 100 W, while varying the power applied
to the Al targetRa = 20 — 101 W), leading to various alloy composiipAl 26Zr¢.74
Al sZroes AlpsiZroas Alpgelrose. The compositions of the sputter-deposited am-
Al,Zr,x alloys were determined by inductively coupled plasoptical emission
spectroscopy (ICP-OES) measurements of alloy spewndeposited under the same
conditions on polyimide foils (KaptSh DuPont). The compositions of the as-deposited
am-AlZr, alloys, as well as their corresponding sputteappeters have been listed in
Table 2.1. The thickness of the deposited apz4Al alloys is about 2 um (as measured

with a Veeco DekTak 8 profilometer).

Table 2.1: Parameters applied for sputter deposition of th&rp, specimens and the resulting

specimen compositions as determined by ICP-OES.

specimen code Par (W) P, (W) Al content Zr content
(at.-%) (at.-%)
Al 2621074 20 100 25.6 74.4
Alo3Zr065 28 100 35.1 64.9
Alo.51Z10.49 53 100 50.9 49.1
Al eeZr0.32 101 100 68.0 32.0

31



Chapter 2

2.2.2 Oxidation of am-AliZri.x alloys

Oxidation of the am-A¥ri specimens was performed in quartz ampoules aabaid
temperature3,y in the range of 350 — 560 °C under a constant enygartial pressure
of po. = 1 x 10° Pa® To ensure the same oxidation conditions for aepecimens, a
special construction in each quartz ampoule holdetaof specimens of all different
compositions. Oxidation of the specimens in thehguepared quartz ampoules was
performed in a pre-heated sandbath (TECHNE FB-@8djifferentT,y for different
oxidation timest, = 1, 2.5, 5, 7.5 and 10 h). After the oxidatidme fjuartz ampoules
were immediately quenched in watef ¢ 18 °C), which promptly terminated the
oxidation process. The grown oxide layers havektieésses in the range of 4 nm to 160
nm (as determined by spectroscopic ellipsometriE) (§westigations, see [15]),

depending oy, tox and the parent alloy composition.

2.2.3 Structural and compositional characterization

The structure of the as-deposited and oxidized &rA specimens was investigated
by X-ray diffractometry on a Bruker D8 Discoverfdiictometer equipped with a Cu X-
ray anode (40 kV/30 mA). In combination with an a§¢lens, a parallel-plate collimator
and an energy-dispersive detector, X-ray diffrac{tdRD) 828 scans were recorded in
parallel-beam geometry using CuxKradiation ¢ = 1.54056 A) in a continuous
scanning mode over &2ange of 10° - 65°.

The chemical state of oxygen in the grown oxidetayas investigated by X-ray
photoelectron spectroscopy (XPS) in a Thermo VGtdprebe XPS system (base
pressure <-20® Pa) using monochromatic Alradiation biv = 1486.68 eV, analysis
area[400 pum in diameter). First, the oxidized amZ&{ .« specimen (am-Als:1Zro 49
oxidized at 350 °C for 10 hours) was sputter-cldawéh 1 keV A for 240 seconds
(sputtered area ofx2 mnt; sputter rate of about 1 nm/min) in the XPS system
remove surface contaminations. Then, the O 1s gpecin a binding energy (BE)
region of 526 - 539 eV was recorded with a step 6iz0.1 eV at a constant pass energy

of 50 eV. Calibration of the energy scale of thalgrer was performed as described in

Y In order to obtain an oxygen partial pressur@gf= 1 x 10° Pa at the oxidation temperatufg, =
350 °C, the evacuated quartz ampoules were filed@nm temperature (RT) with pure oxygen gas up to
Poz = 4.70x 10° Pa, which corresponds pg, = 1 x 10° Pa afT,, = 350 °C. Analogously, quartz ampoules
were prepared for higher oxidation temperatures.
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Ref. [16]. In order to obtain information about thecal chemical environment of
oxygen in the oxidized am-fdr; alloy surface, its Ol s spectrum was compared to
recordings of the O1 s XPS spectra of an oxidize@®d01) single crystal surface
(oxidation conditions: 227 °C, T0Pa, 2 h) and of an oxidized Al(100) single crystal
surface (oxidation conditions: 27 °C, 1 Pa, 95 rtesl

The structure of and the elemental distributiorthi@ developing oxide layer and
the adjacent am-ALrix alloy were investigated by high-resolution transsion
electron microscopy (TEM) in combination with ekect energy loss spectroscopy
(EELS) elemental mapping in a scanning transmissi@ctron microscope (STEM,
JEOL JEM-ARMZ200F). EELS elemental mapping was pentd by recording spectra
point-by-point (i.e. a set of EELS spectra at epolmt/pixel) in a region of interest as
observed in the STEM. The noise in the recordedEghectra was filtered by principal
component analysis [17, 18tilizing the Gatan DigitalMicrograph software. Adwer-
law background was subtracted from the filtered EBEpectra to determine the signal
intensities of the O K edge, the Al L edge andZhé/l edge. On this basis elemental
maps of Al, Zr and O were constructed.

Auger electron spectroscopy (AES) sputter-deptliilprg was performed, using
a JEOL JAMP 7830F Scanning Auger Microscope (fdaitkeof the experimental set-
up, see [19]), to obtain information on the composal distribution in the developing
oxide layer and the underlying ams&t,« alloy substrate. An AES sputter-depth
profile was obtained in a so-called discontinugusttering mode, where spectra of the
Al LMM, Zr MNN and O KLL Auger lines were recordeagfter each successive ion
sputtering step. Sputtering was performed withcused 1 kV Af beam (a 2 kV Ar
beam for am-AlZr,.x specimens with relatively thick oxide layers), mtiag an area of
500x500um?®. Concentration-depth profiles derived from thecsgeé contributions of
the oxidic and metallic species were obtained Imgdr least-squares fitting of the
differential AES spectra (Phi-MultiPak softwarersien 7.5) and by multiplying the
obtained peak-to-peak intensities with experiméntdetermined relative sensitivity
factors. The relative sensitivity factors for métalAl and metallic Zr were obtained
directly from the recorded spectra of Al LMM and MNN of an as-deposited am-
Al,Zr, 4 alloy of known composition (i.e. am-fdgZro. 32, measured by ICP-OES) and at
the end of the sputter-depth profile (i.e. at atdephere pure substrate (amgai;«
alloy) occurs). The relative sensitivity factors foxidic Al, oxidic Zr and O were

obtained following the approach described in [IT9]e thus experimentally determined
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sensitivity factors (with respect to metallic AljeaS, = 1, Sz = 1.05, Sz.0x = 0.77,
Sax = 0.93, So = 1.59. Conversion of the sputter time to the (approxanhaputter
depth was done straightforwardly for each sputegtid profile on the basis of the
known oxide-layer thickness as obtained from tharfyEstigations [15].

2.3 Results

2.3.1 Structure of as-deposited and oxidized am-AlxZr1.x alloys

The recorded XRD patterns of the as-deposited a@rAl alloys confirm the
amorphous nature of the,At;.x coatings: only very broad intensity humps, in age

of 26 ~ 35° - 38°, are observed for the alloys of diffeareomposition (Figure 2.1a).
The recorded XRD patterns of the oxidized amiZAl, alloys (0.26< x < 0.51) after
oxidation at 400 °C for 10 h and of the am-&¥ro 32 alloy after oxidation at 400 °C for
even 20 h also do not show any diffraction peadlicative of a developing crystalline
intermetallic Zr-Al alloy phase and/or a crystadlipure ZrQ, Al,O3; or mixed (Al,Zr)-
oxide phase (see Figure 2.1b). It follows that ¢lelving oxide-layer/alloy-substrate
system maintains fully XRDamorphous over the temperature range of 350 °C to
400 °C.

(a) as-deposited (b) T,, =400 °C

f w am-Al,Zr,,, t.=10h
am A oo v&ﬂ—’/’\\«ww

d - . =10h
am-Alo_JSZrO o5 wié(b/\ “ v ‘

am-Alys Zt M M Lt
‘ar‘n'.é}?.f;‘gzrpsv ) LM. - W © oom

10 20 30 40 50 60 10 20 30 40 50 60
26 (°) 20(°)

Intensity 7 (arb. units)
Intensity / (arb. units)

Figure 2.1: X-ray diffraction patterns (Cu-Kradiation) of am-AlZr,x specimens of different
compositionsx (x = 0.26, 0.35, 0.51, 0.68%) as-deposited anb) after thermal oxidation at
400 °C for 10 hX = 0.26, 0.35, 0.51) and for 20 0.68).
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A cross-sectional bright-field TEM micrograph oftypical oxide layer (formed
on the am-Ads1Zro 49 alloy after oxidation at 400 °C for 10 h) with igsrresponding
selected area diffraction pattern (SADP), recorfitech a region comprising both the
oxide and the alloy layer, is shown in Figure 2.Pae TEM analysis confirms that,
even after prolonged oxidation at an elevated teatpee of 400 °C, both the oxide
overgrowth and the parent alloy remain fully amany The amorphous oxide
overgrowth possesses a uniform thickness of ab@uind (after 10 hours of oxidation at
400 °C). A cross-sectional annular dark-field TENtmograph of the amorphous oxide
layer and its corresponding elemental O, Zr, Al @odnbined (O+Zr+Al) maps, as
recorded by subnanometer-resolution EELS elemengglping (cf. Section 2.2.3), are
shown in Figure 2.2b-f. The TEM-EELS analysis sh@a¥®mogenous distribution of
all three elements (Al, Zr and O) and does notakway indication of nucleation (i.e.
crystallization) and/or phase separation in the rpmaus oxide layer, not even at the
subnanometer scale (see in particular Figure 2.2f for a combined imax the Al, Zr
and O maps). These results imply that the oxideerlag composed of a single,

homogenous ternary amorphous oxide phase.

am-(Al,Zr)-oxide

am'Alo.slzro.m

.SOnm

Figure 2.2: a) Bright-field TEM image of an am-#k.Zro 49 Specimen oxidized at 400 °C for
10 h, in which the formation of an amorphous oxidger at the surface region is clearly
observable. The inset shows the selected areadtifin pattern of the region comprising both
the amorphous oxide and the adjacent substrateafibiture diameter used was about 130 nm,
containing both the amorphous oxide layer and thdetrying amorphous solid solution
substrate). The amorphous oxide layer, shown iratirular dark field TEM image ih), has
been analyzed by EELS elemental mapping)&r, d) O ande) Al at very high (subnanometer)
spatial resolution. A combined image of the O, &d &l EELS mappings is shown i
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The O 1s core-level spectrum, as recorded by XB& the amorphous (Al,Zr)-
oxide layer (see Figure 2.3), is constituted ofaraw and (more or less) symmetric
single peak positioned at a BE of about 531.8 = 6\4, i.e. in between the
corresponding O 1s BE values of pure@ (i.e. 532.2 + 0.1 eV) and pure ZrQ.e.
531.3 £ 0.1 eV), as recorded from oxidized Al(1@®d Zr(0001) single crystalline
surfaces (cf. section 2.2.3), respectively. Thisenbation is compatible with the above
conclusion that the Al and Zr cations in the amorgh oxide phase are distributed
homogenously on an atomic scale, correspondinght@A&O-Zr)-type local bonding
configuration. Co-existing local chemical enviromtgesimilar to those of pure Abs
and pure Zr@were not observed (in such a case, either two @dis peaks would be
resolved or the O 1s spectral envelope would badaoand likely (more) asymmetric).
It can be concluded also that the XPS analysicatds that the amorphous oxide layer
is composed of a homogenous (ALZY) ternary oxide phase (rather than a mixture of

amorphous Zr@and AbOs binary oxides).

1.04 ----ZrO,
\

2 am—(Al,Zr)xOy
2 087 ‘oo ALO
k=
=
g 0.6
o
E 0.4+
=
=
5 0.2
Z

0.0 -.'--'__-’I T T T =

536 534 532 530

Binding energy (eV)

Figure 2.3: Normalized Ols XPS spectra 6f an oxidized Zr(0001) single crystal surface
(oxidation conditions: 227 °Qyo, = 10* Pa, 2 h [20])(ii) the oxidized am-Als:iZro.s alloy
(oxidation conditions: 350 °Qyo; = 10 Pa, 10 h) andiii) an oxidized AI(100) single crystal
surface (oxidation conditions: 27 °fis, = 1 Pa, 95 minutesee Ref. [21]).
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2.3.2 Oxide composition upon oxidation of am-AlxZri.x (0.26 < x < 0.68)

alloys

The chemical compositions of the grown oxide layard of the underlying amorphous
alloys upon thermal oxidation were investigatedA®S sputter-depth profiling. The
measured AES elemental concentration-depth proéifedl and Zr in their metallic
(further designated as Al and Zf"®) and oxidic (further designated as®Aand Zf%)
states, as well as of O, are plotted for the variparent alloy compositions and
oxidation temperatures (at a constant oxidatioretoh10 h) in Figure 2.4. The grown
oxide layers on am-AZr;x alloys (in a composition range of 0.26x < 0.68) contain
both AP* and ZP* spectral contributions over the depth range ofwhele oxide layer.
The APYzr* atomic ratio (for quantitative analyses, see bgliovthe oxide layers was
found to be practically constant for most of thédmed specimens, independent of the
(sputter) depth, the parent amgdh ., substrate composition anflx It is further
evident from the AES profiles that the oxygen cartiion in the am-A¥r, alloy
substrates, underneath the oxide layers, increesmesiderably with increasing Zr
content, indicating that the oxygen solubility etam-AlZr;« alloy substrate increases
with the Zr content of the alloy substrate.

The overall composition of the grown oxide layezgpressed by the averaged
Al®/Zr atomic ratid (as determined from the AES data) across the oleigier for
different oxidation conditions (for am-@&r; alloys & = 0.26, 0.35, 0.51 and 0.68):
350 °C (ox = 10 h), 375 °Ctfx = 10 h), 400 °Ctfx = 10 h), 500 °Ctfx = 1 h}; for am-
Al Zri4 alloy (x = 0.51): 560 °Ct{x = 10 h)), is plotted in Figure 2.5 as functiontloé
initial Al/Zr ratio (i.e. =x/(1-x)) of the parent am-AZr, alloy substrate prior to each
oxidation. Evidently, the Al/Zr®" ratio of the grown oxide layers is practicatiynstant
at about 0.5, independent of both the Al/Zr ratidhie parent am-AZr; alloy (for 0.26
< x <0.68) and the oxidation temperature (for 350<°T< 500 °C, for am-AJ 51Zro.49
350 °C< T < 560 °C). This implies that the composition of tr@®wn, homogenous

%2 The concentration of oxygem in all investigated oxide layers fits well, withthe error of the AES
analyses, witltg = 1.5¢c50x + 2¢0x (cf. Figure 2.4).

% At an oxidation temperatuge 500 °C only the am-Ak.Zro 4 alloy remains fully amorphous (cf. [19]).
For the other am-AZr;, alloy compositions (i.ex = 0.26, 0.35 and 0.68), intermetallic phases start
crystallize from the alloy aT = 500 °C. Nonetheless, the oxide layer formed onalitlys is fully
amorphous also dt= 500 °C and its composition remains unchanged.
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oxide layers (an Al-Zr-O ternary oxide phase) cam diven as (Al3Zros7)O1s3

[= (AlO1.5)1(ZrOy)2].
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Figure 2.4: AES elemental concentration-depth profiles of aljZA, solid solution substrates
of different compositiong = 0.26 (), 0.35 @), 0.51 @) and 0.684), after oxidation at different
temperatures of 350 °@)( 375 °C b) and 400 °Cd) for 10 hours apo,= 10’ Pa, respectively.
Note the different thicknesses of the oxide layamgl that C contamination in surface-near
regions (not considered in the quantification) laffuenced the AES measurement in the
beginning of the sputter-depth profiling (leadilmguinrealistically high amount of oxygen in the

beginning of each measurement).
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Figure 2.5: The APYZr®™ ratio in the grown amorphous oxide (unfiled cd€) and the
AlI™Zr™ ratio in the original am-AZr,, substrate (crosses) upon thermal oxidation of am-

Al Zr, 4 alloys of different (initial) compositions at themperatures indicated.

The composition of the oxide layer grown on theridhest, am-Ad ¢gZro 32 alloy
is not fully homogenous (see 4a — 4c in Figure.Zl#ie observed Al-rich oxide phase
in the near-surface region may have formed duriveg\ery fast oxide growth at the
initial stage of the oxidation [1]. During the selsent, slower oxidation stage, the
oxide-layer composition for this Al-richest ams&t; alloy then (also) changes to that
of aZr®-rich oxide with an AP/Zr* ratio of 0.66 at 400 °C and &t= 500 °C (for 1 h)
with a constant Al/Zr® ratio of about 0.5, in agreement with all othetol
compositions studied.
The above results can be summarized as follows:gftven oxide layers on the
am-AlZri alloys
() are fully amorphous (by XRD and TEM with SADP);
(i) have homogenous &land ZP* cation distributions down to the atomic scale
(XPS and TEM with subnanometer-scale EELS mappings)
(iii) have a homogenous composition with a constarft/Z&P ratio of 0.5,
independent of the alloy substrate composition tned oxidation temperature
(AES).
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The oxide layer grown on the ams&f;x alloys consists of ammorphous,
stoichiometric (Alp.33Zr 0.67)O1.83 ternary oxide phase independent of both the parent
alloy composition (for 0.2& x < 0.68) and the oxidation temperature (for 350°C<
500 °C, for am-Ad 51Zro.4g 350 °C< T < 560 °C).

2.4 Discussion

The experimental finding of both @morphous and stoichiometric (Ab 33Zr 0.67)01.83
ternary oxide phase upon thermal oxidationis rather unexpected, because the
pseudo-binary phase diagram (at 1 atm) of th€®AFrO, system predicts neither the
occurrence of a mixed (Zr,Al)-oxide compound phaee a considerable mutual solid
‘solubility’ of the pure phases ADs; and ZrQ at temperatures up to their eutectic point
of 1856 °C [22].

In the following the amorphous nature of the oxigection 2.4.1) and its singular

composition (section 2.4.2) are addressed.

2.4.1 Amorphous nature of the (Alo.33Zro.67)01.83 ternary oxide phase

As known from a recent study [19], thermal oxidatmf am-AlLZr, 4 alloys, which are
initially covered with an amorphous native (Al,Znide film, proceeds by oxygen
dissolution into the am-AZr, alloy substrate accompanied by subsequent growth o
an amorphous (Al,Zr)-oxide layer into the oxygemigmed amorphous solid solution
phase once the oxygen solubility limit in the amZ&] .« alloy substrate adjacent to the
alloy/oxide interface is exceeded.

The formation of an amorphous oxide layer in they\eginning of oxidation is
in line with recent studies, where it has been shoat very thinamorphous oxide
layers (< 3 nm), formed during the initial oxidatiprocess of crystalline metals [9, 23]
and alloys [24], can be thermodynamically more Istaiompared to their crystalline
counterparts due to their relatively low surfacd arterface energies. However, as soon
as the amorphous oxide layer exceeds a criticeknless (typically in the range of 1 — 3
nm), the crystalline oxide phase should becometibemodynamically preferred one
[10]. In the case of oxidation of am-&F,4 alloys, the expected stable phases are the
crystalline oxide phases Ab; (presumablyy-Al.Osz [9, 10]) and ZrQ (presumably
tetragonal ZrQ, further designated asZrO, [19]), since neither a ternary crystalline
(Al,Zr)-oxide compound phase nor a considerable uautsolubility’ of crystalline
Al,O3 and ZrQ are observed in the pseudo-binary@+ZrO, system [22]. Hence, at
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first glance, transformation of the formed amorphadifl,Zr)-oxide phase (here:
(Alo.33Zro67)O1.89 into the mentioned crystalline oxide phase(s3xpected. However,
the formation of these crystalline oxide phasehéamorphous (8kaZro67)O1.83 Oxide
phase is not observed, even though the amorphdyss{f ¢7)O1.83 Oxide layers attain
a very large thickness (4 nm - 160 nm) by growtb the am-AlZr1,JO] solid solution.
Also, no formation of crystalline oxide phases e tamorphous AZri,[O] solid
solution phase is observed. Apparently, the nucleatf crystalline oxide phases (i.e.

y-Al,03 andt-ZrO,) is inhibited in both the amorphous (A#r,67)O;1 83 OXide phase

and the amorphous Ari,[O] solid solution phase (at least within the saabli

compositional and temperature ranges of 826 0.68 and 350 °@ T < 560 °C)?
According to classical nucleation theory, for fotroa of a (spherical) particle, a
nucleation barrierAG* = 16T)*/3(AGchenit AGstrain® [25], must be surpassed, which is
defined by the contributions of the chemical Gilglnergy AGchem (< 0), the interface
energy, y (> 0), associated with the formation of interfagceend the strain
energyAGsuain (> 0), associated with the (elastic) accommodatibmolume misfit of
the parent phase (here: amorphousy {&ros7)O1.83 Oxide or am-AlZri,[O] solid
solution) and of the product phase (here: crysialloxide). For precipitates of a
crystalline phase in an amorphous matrix, the tras$fain energy may be negligible as
a consequence of rapid stress relaxation inatha phous matrix. Then, the formation
of the crystalline oxide phases (in both the amoush(Ab 33Zro67)O1.83 OXxide phase
and the am-Alr;,{O] solid solution) can be inhibited by a high egpebarrier for the
nucleation of crystalline oxide phases due to teaton of the new interfaces.
However, the nucleation of crystallineAl,Oz; and t-ZrO, phases within the
amorphous (AJ33Zro.67)O1.83 OXide phase or within the amorphous amzal,[O] solid
solution phase may also be inhibited by diffusiar@istraints. Because the solubility of
Al and AI”in the crystalline oxide phas$&rO, and, vice versa, the solubility of Zr and
Zr® in the crystalline oxide phasgAl,O; are extremely low [22, 26, 27], the
development of crystalline oxidesZrO, and j+Al,Os3, either in the amorphous ,&r;.
x[O] solid solution phase or in the amorphous@Lry 70183 Oxide phase would

involve significant compositional redistribution,high requires pronounced atomic

* Note that at relatively high oxidation temperaturf@ > 560°C) and prolonged oxidation times
crystalline compounds asZrO, do develop at the interface between the amorpli@lssZroe7)Oi .83
oxide phase and the O-saturated an#AlJO] solid solution [19].
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diffusion in both the amorphous ,&r;,[O] solid solution and the amorphous
(Alp.33Zro.67)O1.83 Oxide. At the relatively low oxidation temperatsir@oelow 560 °C),
pronounced diffusion may not occur and thus then&dion of nuclei of the crystalline
oxide phases would be obstructed. Note that thewtgroof the amorphous
(Alp.33Zro.67)O1.83 Oxide phase at the interface with the O-saturataeAl.Zr;,[O] solid
solution phase requires less severe compositieaatangement.

2.4.2 Stoichiometric composition of the (Alo.33Zro.67)01.83 ternary oxide

phase

The well-defined stoichiometry of the (AZr0.67)01.83 0xide phase grown on the am-
Al Zr14 solid solution substrate, independent of bothsthtestrate composition (for 0.26
<x<0.68) and the oxidation temperature (for amZaly (0.26< x <0.68): 350 °& T
< 500 °C, for am-AdsiZro.4¢ 350 °C< T < 560 °C), strongly suggests a predominant
role of thermodynamics in controlling the amorphouside growth. Thus,
thermodynamic modeling and calculation of the psebidary AlO, 5-ZrO, system was
performed using the CALPHAD approach [28]. Since #tructure of an amorphous
phase resembles that of the corresponding liquiasehof disordered structure, the
amorphous oxide phase (Al(ZrO,)1, was treated as a configurationally frozen
liquid below the glass transition temperature btrapolating the thermodynamic data
of the corresponding liquid phase above the meltergperature to below the glass
transition temperature. Note that an extreme eatedijon of thermodynamic data from
high temperatures can lead to an underestimatiothefenthalpy of mixing at low
temperatures [29].

A CALPHAD assessment of the As-ZrO, pseudo-binary system has been made
in Ref. [30] on the basis of the thermodynamic datsented in Refs. [31] and [32].
The liquid/amorphous phase is described by a regalution model for ionic melts,
I.e. the two-sublattice ionic liquid model (see J[2Bd references therein). This model
consists of two sublattices, where one sublatticélled with cations Zr**) and the
other one is filled with anions db?>~ and neutral constituents A109;). Thus the
liquid/amorphous AlOs-ZrO, solution phase is described @**),(0%~, Al0)5),. P
and Q denote the number of sites of the cation and ‘dniutral’ sublattices,

respectively, which vary with composition to ensetectroneutrality [33]. The Gibbs

® It is assumed that the bonding in.®4 has considerable covalent nature [33].
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energy of formation of the ternary amorphous oxytaseAG )(T,YL-) can

am{zr*":0%, AI0% 5
then be expressed as function of the compositiomd®y of the parametef;, (/= zZr** 0%,

AI08.5), which is the fraction of sublattice sites ocagiby the species (for the

present system e =1, ¥ , + Y, 00 = 1° P = 2Y2- and Q = 4). It thus follows

thatAG )(T,YL-), given in Joule per mole ({(Zr“*)p(oz‘, AIOS.5)Q], can be

am(Zr4+:02', A0S 5

calculated according to:

AGam(Zr‘”:Oz', AIO(lJ_5) (T,Y)

= P RT(Y s InY ) + Q- RT (Yo In Y + Y o0 In¥ 00 ) (2.1)
0 1

+ YZr“*YoZ'YAlofl’_s( Ly o2 Aot Ly 02 A0S & (Yoz' - YAlo‘ig,)) '

where °L and 'L are constants of the Redlich-Kister polynomial [30]

°L = 50000 J/mol; 'L

2407, MY & = —40000 J/mol.

zr**:0%, A0S 5
With this model, the Gibbs energy of formation bé tliquid/amorphous AlQ;-ZrO,
solution phase was calculated at low (supercodiedhperatures. The thus calculated
Gibbs energy of formationG (in J/mol-oxygen) curves of the am-(Alx)y(ZrOo)1.y
oxide phase as function of the mole fraction of AJOy, with respect to the Gibbs
energies of formation of the pure amorphous oxidmmonents (am-AlQs and am-
ZrQy), are shown in Figure 2.6a for different tempeamsuin the range of 350 °C —
400 °C. TheAG curve at 400 °C shows an outspoken minimum atdmeposition ofy

= 0.33 (i.e. (AlQ5)o3{Zr0)067), Which agrees very well with the BAIZr®-ratio of
about 0.5 of the experimentally observed, amorph@ug:3Zr0.67)01.83 OXide phase,
developing at 350 °C - 500 °C (and for any-ALro4g developing at 350 °G T <
560 °C). Note that a slight dependence of the minmin theAG curves of the am-
(AlO15)y(Zr0Oy)1.y oxide phase with temperature can be observed. HAawthe possibly
resulting change in oxide composition, i.e. in W&/Zr*-ratio, is too small to be

experimentally resolved by AES.

® The site fractiorYo,. (and therebyrao1 ) is determined by the oxide composition accordmgo,.=
2%z:02(Xz07+1)), Wherexzo, is the molar fraction of Zr©
" AG in J/mole oxygen = KG in J/mole-(Zf*)(0%, AlO; 5)q )]/ (4Yor+6(1-Yoy)).
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Figure 2.6:a) Gibbs energy of formation for the am-(Al,Zr)-oxighase at 350 °C, 375 °C and

400 °C, modeled as a (configurationally frozen) bgemous solution of liquid ZrCand liquid

Al,O; supercooled to the respective temperature, asllagdd by the CALPHAD method.
Reference state: liquid Zs@nd liquid AbOs. b) Schematic illustration of the Gibbs energies of
the am-(Al,Zr)-oxide and am-#4r,,[O] solid solution phases, staying in equilibriunritig the
oxidation processt) The corresponding ternary phase diagram of Alarzit O pertaining to a

temperature in the range of 350 °C — 400 °C.

On this basis, the oxidation process of the apz4Ak alloys (solid solutions) can
be understood as follows: At the onset of oxidatiomygen dissolves into the
amorphous Alri4 solid solution substrate, forming an am&h,[O] solid solution
phase (see Sec. 2.4.1). As soon as the oxide Biyldibnit in the alloy solid solution is
reached, the am-(Al,Zr)-oxide phase begins to fanah a thermodynamic equilibrium is
established of the (surrounding, remaining) anZAlL[O] solid solution phase with the
am-(Al,Zr)-oxide phase. On the basis of the cakeulaGibbs energy of formatiohG
curve of the am-(Al@s)(ZrOy).y phase (Figure 2.6a) and the experimentally
determined O solubility limit in am-AZr; solid solution substrates (which is strongly
dependent om; cf. Figure 2.4), a three-dimensional represeomatif the Gibbs energy
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surfacesAGA™M 2Ol gnd AGEMAhZoxde f4r the concurring amorphous Al-Zr alloy
phase and amorphous oxide phase, respectivelyadeasconstructed schematically; see
Figure 2.6b. The shape of th&*™#°! _ surface of the am-r1,]O] solid solution
phase is entirely schematic, but representing tide stability range of the am-/Adr; 4
solid solution phase and accounting as well for agbecentration dependency of the
oxygen solubility in the am-AZri4 solid solution phases. The shape of the
AGAMALZD-oxide o face was drawn according to the calculated Sikbergy of
formation AG of the am-(AlQs)y(ZrO,)1y phase and considering the known narrow
(almost singular) compositional ranges of the pi@®orphous) oxide phases,.@k
and ZrQ. The common-tangent plane, representing the équin state for the
coexisting phases, touches both #@&*™A#1° surface and thaGd™ 200X g face

in a single point for each surface. This singlenpdor the AGA™A-20-0%de g face is
located close to/at the minimum of theG*™#h0)oxde grface occurring at a
composition ofy = 0.33 (i.e. (AlQ.5)o0.3dZrO2)067) atT = 400 °C; see the connecting
(red, dashed) line in Figure 2.6b, correspondinth ihe (red, continuous) tie line in
Figure 2.6¢c. The deep minimum yat 0.33 for the Gibbs energy of formation of the
am-(AlO, 5),(ZrO)1, oxide phase (Figure 2.6a), leads to a series sdiple equilibria

of the am-A}Zr;., O] solution phase of wide compositional range 66 < 0.68, and
the am-(AlQ 5)y(ZrO,).y oxide phase of practically singular compositionegi byy =
0.33: These are represented by the tie-lines inctimpositional triangle, shown in
Figure 2.6c, which bridge the ‘am-&lr,.,[O] solid solution + am-(AlQ@s)(ZrOy)1y
oxide’ two-phase field in thenetastable ternary phase diagram (involving only the
amorphous phases). As a result, an amorphousg ;&b 67)O183 phase forms
exclusively during oxidation of am-fdri alloys, regardless of the original amyz&d; x

alloy composition (0.26 x < 0.68).

2.5 Conclusions

* An amorphous ternary oxide phase with a single]-dafined stoichiometry,
am-(Alo.3Zro6701.83 emerges during thermal oxidation of binary amorsh
Al Zr1x solid solutions over wide ranges of alloy composit(0.26< x < 0.68)
and oxidation temperature (350 °C — 560 °C).

e The occurrence of an amorphous y&Ero.67)01 .83 Oxide phase, rather than the
crystalline oxide phases, can be associated wiitigtanucleation barrier for the

crystalline phases(s) owing to relatively high ifaee energies and/or kinetic
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obstruction of the diffusional transport and stunat rearrangement required for
the development of crystalline compounds (as,&a@ ALOs3).

« The practically singular composition of the amonpéooxide phase,
(Alp.33Zr0.67)O1.83 can be explained on a fully thermodynamic baSmceiving
the amorphous ternary oxide phase as a liquid esxilge solution phase, which
is supercooled to low (oxidation) temperatures, thguilibrium of the
amorphous solid solution phase and the amorphouge @hase is realized for a
wide range of composition of the solid solution amdorphous oxide phase,
(Alo.33Zr0.67)O1.83 With practically constant composition of the axigdhase as a
consequence of the deep minimum of A@F™*20-0xide g face, occurring at a
composition ofy = 0.33 (.e. (AlO1.5)0.39Zr02)0.67)-

e This study thus shows the dominant role of thermadyics in controlling the
ternary oxide phase composition, even for the dnooft amorphous oxides
occurring under conditions (far) away from genuimermodynamic equilibrium

for bulk phases.
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Chapter 3

Oxidation Kinetics of amorphous Al:Zr1-x alloys

K. Weller, Z. M. Wang, L. P. H. Jeurgens and BMittemeijer

Abstract

The oxidation kinetics of amorphous,&t;  alloys (solid solution) has been studied as
function of the alloy composition (0.26 x < 0.68) and the oxidation temperature
(350 °C< T < 400 °C; at constapO, = 1 x 10° Pa) by a combinatorial approach using
spectroscopic ellipsometry (SE), Auger electroncgspscopy (AES) depth profiling,
transmission electron microscopy (TEM) and X-rayfrdction (XRD) analysis.
Thermal oxidation of the am-gdr,« alloys results in the formation of an amorphous
oxide overgrowth with a thermodynamically preferrezsingular composition,
corresponding to a constant®Zr®* ratio of 0.5. Both the solubility and the diffuiiv

of oxygen in the am-AXr; alloy substrate increase considerably with ingrep&r
content, in particular for Zr contents above 4%@aZr. Strikingly, the oxidation kinetics
exhibit a transition from parabolic oxide growtmétics for Al-rich am-AlZr;« alloys
(x> 0.51) to linear oxide growth kinetics for Zr-riem-AlZr, .« alloys & < 0.35). The
underlying oxidation mechanism is discussed. tiiscluded that the oxidation kinetics
of the amorphous AZri4 alloys for 0.26< x < 0.68 and 350 °G T < 400 °C are
governed by:ij the atomic mobilities of O and Al in the alloybstrate at the reacting
oxide/alloy interface,i() the solubility of O in the substrate and)(the compositional
constraint due to the thermodynamically preferredniation of an amorphous oxide

phase of singular composition.

3.1 Introduction

It has long been recognized that the propertiesnefals and alloys (e.g. corrosion
resistance, electrical conductivity, adhesion) sarengly influenced by the presence of
the surficial oxide layer, which forms naturally ometallic surfaces in an oxidizing

gaseous or liquid environment. Functional propsrtoé metal-based components and
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devices can thus be optimized by controlled (predation as a function of e.g. the
alloy composition, the oxidation temperatuf®, the oxidation timet] and the oxygen
partial pressurepQ.). Such fine-tuning of the microstructure and thueperties of
oxide overgrowths requires fundamental understandih the underlying oxidation
mechanism [1-4]. Whereas the oxidation behaviotrgétalline metallic materials has
been investigated extensively [5-7], the oxidatioehavior of amorphous metallic
materials haseceived much less attention and, consequentlypm@iigh understanding
of the oxidation mechanisms of amorphous metallaya lacks, despite the increasing
interest in and many potential applications of sagtorphous metallic materials.

Zr-based bulk metallic glasses have gained sigmfiinterest in recent years, as
they possess good corrosion resistance, high @ktséin limit, high strength and good
biocompatibility [8, 9]. In order to predict and pmove their long-term reliability in
real-life applications, it is essential to inveatg and understand their long-term
stability under realistic conditions, often involgi an oxidizing environment. Up to
date, only few studies [10-12] have been devotati¢mxidation ofamorphous Al,Zr; x
alloys, which have mainly focused on the developmgde microstructure. For
example, the complete transformation of the amaupladloy layer into an amorphous
oxide phase has been reported for the thermal terdaf 150 nm thick amorphous
Al Zri1 alloy layers X = 0.293 — 0.62) up to 700 °C [10]. The formatioh am
amorphous (Al,Zr)-oxide overgrowth for the thernexidation of amorphous &Zr; .«
alloys over a wide compositional rangexcf 0.26 — 0.68 and oxidation temperatures up
to 500 °C was also evidenced in Ref. [11]. The gohous state of the thickening oxide
overgrowth was fully preserved at elevated tempeeatup to 500 °C and for very thick
oxide layers (exceeding 300 nm) due to favorabieriace energies of the amorphous
oxide with the am-Alr,x alloy substrate and a kinetic constraint for tbherfation of
the crystalline (AIO; and/or ZrQ) oxide phases. Strikingly, the amorphous (Al,Zr)-
oxide overgrowth has a single homogeneous composit{Aly.33Zro67)O1.83
independent of the parent amzAil;« alloy composition (0.26< x < 0.68) and the
applied oxidation temperature [11]. This recentezkpental finding was found to have
a thermodynamic origin, as supported by thermodynanodel calculations, treating
the amorphous (Al,Zr)-oxide phase as an undercdaiedd oxide-oxide (AjOs-ZrO,)
solution phase [11].

Up to date, theoxidation kinetics of am-ALZri alloys as a function of alloy

composition and oxidation temperature has not w&nbreported. The present study
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addresses the growth kinetics of the amorphouszZ(Agxide layer of singular
composition, as developing on amorphousZAl, (am-AkZr;.) alloy substrates (solid
solution) over the compositional range of 0.26x < 0.68 at various oxidation
temperatures in the range of 350 °C — 400 °C (adl eonstant partial oxygen pressure
of pO, = 1x10° Pa). To this end, the oxide-layer growth kinetiese established by ex-
situ spectroscopic ellipsometry (SE). In addititmelucidate the underlying oxidation
mechanism, the compositional changes in the paéry adjacent to the oxide/alloy
interface due toi) the dissolution and diffusion of oxygen into #r@orphous alloy and
(i) the preferred oxidation of Al or Zr (depending thre bulk alloy composition) has
been investigated by Auger electron spectroscofyS)Adepth profiling analyses. The
investigations demonstrate a strong dependencleobxidation kinetics on the am-

Al Zr14 alloy composition.
3.2 Experimental procedures and data evaluation

3.2.1 Specimen preparation

Si(100) wafers, covered with a 50 nm-thick am-Si®@ttom layer and a 50 nm-thick
am-SgN4 top layer, were employed as substrates. The Serwafibstrates were
introduced into a vacuum chamber for magnetrontspng (base pressure <«BJ®
mbar) and subsequently sputter-cleaned byplsma treatment for 1 minute, applying
an acceleration voltage of 105 V. Next amorphou&Ak coatings (thickness 2 pum)
were deposited at room temperature (RT) by co-epag from elemental targets of Al
(99.9995 wt.%) and Zr (98.5 wt.%). Amorphous,Z&l coatings of different
compositions were obtained by maintaining a congtawer of 100 W on the Zr target
and a constant equilibrium Ar gas pressure>df(8 mbar, while varying the power on
the Al target Pp) in the range of 20 W — 144 W; i.e. amgAdZro.74 for Pa = 20 W,
am-Alg 3571065 for Pay = 28 W, am-A} 51210 49 for Pay = 53 W and am-AlegZro.32 for Pa

= 101 W. The denoted coating compositions wererdeted by inductively coupled
plasma optical emission spectrometry (ICP-OES) findher details, see Ref. [11].

3.2.2 Oxidation

The as-deposited am-&lr;.x specimens were cut into small pieces (lateral dsions:
7x14 mnf) and enclosed in quartz ampoules. To ensure mrkidation conditions,

each quartz ampoule always contained a set ofdiffierent am-AlZrix specimens, i.e.
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one of each alloy composition (see Sec. 3.2.1).arhpoules were firstly evacuated and
then filled with pure oxygen up to a partial pressof pO, = 4.70x10* Pa at room
temperature (RT), which corresponds t3 P@ at the oxidation temperature of 350 °C.
Next the sealed ampoules were introduced into eheated sandbath (TECHNE FB-
08c) at 350 °C and isothermally treated for variouwslation timest(x = 1, 2.5, 5, 7.5
and 10 h). After reaching the targeted oxidation time, thepamies were removed from
the sand bath and immediately quenched in water 18 °C). Analogously, additional
series of oxidation experiments were performedhat amepO, (= 10 Pa), but at
different oxidation temperatures f, = 375 °C po, = 4.5%10" Pa at RT), 400 °Cp.

= 4.35¢10" Pa at RT) and 500 °Qd, = 3.79%10* Pa at RT). For the determination of
the oxidation kinetics, only experimental resulisthe temperature range 350 °C —
400 °C were taken into account. Prolonged oxidaditoan oxidation temperature of 500
°C leads to the development of crystalline inteattiet phases from the am-&r;«
alloys withx = 0.26, 0.35 and 0.68; only the amzAlZro 49 alloy is thermally stable (i.e.
remains fully amorphous) up to 500 °C [11, 13]. Miheless, for short oxidation times
at 500 °C (up to 1 h), the fraction of transformaed-AlZr;x is small enough to not
affect the oxidation process and therefore theseisgns could be used to determine

the interfacial oxygen concentration in the amZfd alloys at 500 °C.

3.2.3 Microstructural analysis and data evaluation

TEM analysis was applied to determine the micrastme of the oxidized am-&dr;
alloys. To this end, cross-sectional TEM lamellaeravprepared according to the
procedure described in Ref. [12] and investigatsthgt a JEOL JEM-ARM200F
scanning transmission electron microscope opegt2do kV.

The elemental depth-distributions in the as-depdsdnd oxidized am-4£r;
alloys were investigated by AES sputter-depth prafiusing a JEOL JAMP 7830F
Scanning Auger Microscope, according to the measené and quantification
procedures, as described in Ref. [11]. The spdipth was calibrated on the basis of
the established am-f@r; coating thicknesses (as measured by a DekTak 8
profilometer) and the known oxide-layer thicknes@ssdetermined by SE; see below).

To trace the change of oxide-film thickness withdi at constant oxidation

temperature the oxidized ams&rt, 4 specimens were analyzed using a J.A. Woollam

! Oxidation of am-A] ,¢Zro 74 has also been performed for an oxidation time.5f0
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M-2000™ spectroscopic ellipsometer equipped with a Xetligburce (wavelength
A =300 nm — 850 nm). To this end, the ellipsometriuea¥ (A, @) andA(A, @) (see
footnote 2) were recorded ex-situ from the as-peband the oxidized am-&ri
specimens at variable angles of incidence of 60°, 65°, 70° and 75° (with respect to
the specimen-surface normal). Next the oxide-lap@kness for each oxidized am-
Al Zri alloy substrate was determined by linear-leastamapu fitting of sets of
calculated spectra dP(A, ¢) andA(A, ¢) to the measured ones using the WVASES32
software package (version 3.770) as follows.

WA, ¢) and A(A, @) spectra were calculated (for each alloy compasitamd
oxide-layer thickness) by adopting a model desioniptor the evolving substrate/film
system, constituted of an amsz&t; alloy substrate, an oxide overgrowth of uniform
thicknessLox and a relatively thin interfacial sublayer of wmih thicknessLgwa
between the oxide layer and the substrate (asdtex to account for interfacial
mixing effects; see below). The optical constants the refractive indexjy(A) and the
extinction coefficientk(A)) of the bulk am-AlZr,« substrates were directly obtained
from the recorded!(4, ¢) and A(A, ¢) spectra of either the as-prepared alloy before
oxidation or the oxidized alloy after removal oétbxide overgrowth (see below). The
oxide overgrowths were optically transparent over investigated wavelength range
(i.e. k(1) = 0) and thus the wavelength-dependence of theadmtonstants of the oxide
overgrowth could be approximated by a Cauchy fomat(1) = A+B/A? where A and
B are the so-called Cauchy coefficients. The optmaperties of the interfacial
sublayer were estimated from the optical constahtthe alloy substrate and the top
oxide layer using the Bruggeman effective mediunpraximation (EMA), thus
accounting for various ‘mixing’ effects at the irfece, such as interface roughness,
compositional gradients and/or phase mixing (cf. Rel]): the corresponding fraction
of the oxide in the interfacial sublayer is furtliemoted agya.

For each alloy composition and oxidation tempemttine measured spectra of
W(A, ) andA(A, @) pertaining to different oxidation times were sitankeously fitted,

while introducing the thicknessesy, Lema andfgva, as well as single values of the

% The ellipsometric parametet$ and A describe the amplitude ratio and the phase diftaresf the p-
(parallel to the plane of incidence) and s-(perjp@ndr to the plane of incidence)polarized compasen
of the light beam before and after reflection, sxtjyely.
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Cauchy coefficients (A and B) as fit parametefsie resulting total oxide-layer
thicknesgd,x of each specimen was takendgs= Lox + fema-Lena.

As demonstrated by a parameter study, the optmadtants of the oxidized am-
AloseZros2 and AbsiZroa9 Substrates (i.e. the ams&F alloys with the lowest Zr
content), to a first approximation, can be takenstant and equal to the bulk optical
constants of the alloy as determined prior to axutha (see above). In the fitting
procedure, any possible changes in the optical taotss of the am-AlsgZro32 and
Alo 5121049 SUbstrates by oxidation-induced compositional geanare thus accounted
for only by the introduced interfacial EMA layerh&@ Zr-rich am-Ad 3sZro.65 and am-
Alo2eZro.74 alloy substrates exhibit a pronounced changeeir thptical constants with
time due to the extensive dissolution of O into @lley substrate upon oxidation (up to
20 at.% [Q]) (cf. Section 3.3.2). Therefore, sudirst order approximation could not be
applied for the evaluation of the recorded SE dditthe oxidized alloy substrates of
higher Zr content. Hence in the fitting procedutes optical constants of the Zr-rich
am-Aly 3sZro.65 and am-Ad »eZro.74 alloy substrates were employed as derived from the
recorded W(4, ¢) and A(A, ¢) spectra of the O-saturated amyé¥roes and am-
Al 26Zro 74 alloy substrates after removal of the oxide ovangh. To this end, the am-
Al 3521065 and am-Ad 2eZro.74 alloys were oxidized for 5 h at 375 °C (thus contgy a
considerable amount of dissolved oxygen in theyadlobstrate, further designated as
am-AlLZr1,J{O]) and subsequently sputter-cleaned at RT to wemoompletely the
amorphous oxide overgrowth. Sputter-cleaning waopeed in an ultra-high vacuum
chamber (base pressure 4@ Pa) using a focused 3 kV Aion beam scanning over
the specimen surface, while monitoring the layetdyer removal of the oxide
overgrowth byin vacuo X-ray photoelectron spectroscopy (XPS) (for cowdisi, see
Ref. [11]). The sputter cleaning treatment wasriafged as soon as the oxidic Al and
Zr components could no longer be detected by XP8 taus only a dissolved O 1s
component remained). Next the optical constanth@fO-saturated am-Md=Zro 65 and
am-Aly 2eZro.74 alloys were obtained from the recorded, ¢) and A(A, ¢) of these

sputter-cleaned specimens.
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3.3 Results

3.3.1 Microstructure and composition of oxidized am-Al:Zr1.x alloys

The microstructures of the ams&F, alloy substratesx(= 0.26, 0.35, 0.51, 0.68) and
their oxide overgrowths after oxidation for 10 h4@0 °C were investigated by XRD
and cross-sectional TEM. Neither the formation afrgstalline oxide phase nor the
formation of a crystalline intermetallic Al-Zr phasvas observed upon oxidation of the
am-AlZri« alloys up to 400 °C by XRD (cf. Fig. 1 in Ref [J1A bright-field cross-
sectional TEM micrograph of the oxidized (at 400f6€10 h) am-Ad 5:Zro.49 alloy and

a corresponding selected-area electron diffragbattern (SADP) are shown in Figure
3.1a and b, respectively: the TEM analysis confitiess amorphous state of the am-
Alg 51210 49 alloy and the amorphous oxide overgrowth aftetgmged oxidation. Note

the uniformity of the amorphous oxide-overgrowtyeiathickness (see Figure 3.1a).

(a) Surface/Glue

am-(AlLZr)-oxide

aln'Alo,sszrn.os

5 1/nm

Figure 3.1 a) Cross-sectional bright-field TEM micrograph of @m-Al 5:Zro 49 alloy oxidized

at 400 °C for 10 h. The oxide overgrowth on the AligsZr, 49 SUbstrate is amorphous) A
selective area diffraction pattern (SADP), takethvan aperture of diameter ~ 130 nm at a
region that contains both the oxide layer and tmeledying substrate, confirming the
amorphous nature of both the oxide overgrowth hedkidized alloy.

As shown by AES compositional sputter-depth pnodjli the amorphous oxide
overgrowths on the am-g&dr; alloys have incorporated both Al and Zr from tleya
(further designated as %l and ZF*). Strikingly, the composition of the oxide
overgrowths is nearly constant, exhibiting a comistal®/Zr* ratio of about 0.5 [i.e.
(AlO1.5)0.39dZr02)067, independent of both the Al/Zr ratio in the parem-AkZriy
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alloy (for 0.26< x < 0.68) and the oxidation temperature in the rarfgg50 °C< T <
500 °C: see Figure 3.2, the discussion in SecaB4Ref. [11]. For am-AZr; 4 alloys
with x = 0.35 (Figure 3.2c) and, in particular, for 0.51 (Figure 3.2b), a pile-up of Al

at the oxide/alloy interface occurs, which is dssrd in Sec. 3.4.

3.3.2 Oxygen solubility and diffusivity in am-AliZr1.x alloys
As indicated by the AES sputter-depth profiling Igsas (see Figure 3.2), oxygen has

dissolved and diffused into the alloy substraterupgidation. The dissolved oxygen
content in the interior of the am-&lr,.« alloy substrate, as marked with red arrows in
Figure 3.2a-d, increases with increasing Zr conterhe alloy. It is taken for granted
that, apart from the (very) beginning stage of exilyer growth [15, 16], the oxygen
concentration as established in the alloy subsadj@cent to the oxide/alloy interface is
determined by a local equilibrium.Indeed it was found that the interfacial O
concentration in the alloy substrate for each atlopnposition has attained a practically
constant value for oxidation times1 h for am-AjZr,x with x = 0.51 and 0.65 (and
> 0.5 h for am-Ad2eZro74) at T = 350 — 400 °C (cf. Figure 3.5). The interfacial O
concentrations in the alloy substrates for varioxslation times (up to 10 h) for the
various alloy compositions and oxidation temperegumwere deduced from the
measured AES sputter-depth profiles of the oxidiadldys (see Figure 3.2) by
determining the O concentrations in the alloy at the depttitipmsbelow the surface
where both the oxidic Zr concentration and the wxiéll concentration drop below
0.5 at.%.

3 It is assumed that a local equilibrium prevailshet solid-solid oxide/amorphous alloy interface, this
implies constancy of the O concentration in the AlnZr,, alloy substrateat the inward moving
oxide/amorphous alloy interface [16, 17].

* The O-concentration values at the interface, ptesein Figure 3.3, are averages over 5 consec@tive
concentration values of the measured sputter-dequtfiles in order to reduce the error caused by AES
depth-profile broadening effects due to e.g. pesfial sputtering or interface roughness [18, 19].
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Figure 3.2 AES concentration depth profiles of amt « alloy substrates witk = a) 0.68,b)
0.51,c) 0.35 andl) 0.260xidized at 400 °C for 10 h. Note that the oxygelulility in the am-
Al,Zr, alloy substrate increases (red arrow) with indrepgr concentration in the am-&r
solid solution (see red arrows).
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The thus obtained interfacial O concentrations (feidation times> 1 h) have
been plotted as function of the Zr concentratiothenam-AlZr, « alloy substrate and as
function of the oxidation temperature in the rang&50 — 500 °C (500 °C -560 °C for
am-Alp.4Zros6 [12]) in Figure 3.3a and b, respectively. Strikingno distinct
temperature dependency of the interfacial O comaBoh in the am-Alri alloy
substrates is observable in the investigated temyner range. Therefore, an average
interfacial O concentration, calculated from theeifacial O concentration values
obtained at different temperatures as shown in rEig8.3, was obtained for the
investigated am-AZr; 4 alloy compositions: 1.3 = 0.2 at.% for amgAdZrosz, 2.9 £ 0.7
at.% for am-Ad51Zro49 15.0 £ 1.2 at.% for am-AksZrpes and 19.8 + 1.1 at.% for am-
Alo26Zro 741t follows that the interfacial O concentrationredative low (1-3 at.%) for
the am-Abslros, and am-AdsiZroqe9 alloys and that it abruptly increases

approximately linearly with increasing Zr conteat Zr contents exceeding 49 at.%.
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Figure 3.3: Dissolved oxygen concentration of oxidized amZil,, alloys (directly in front of
the oxide/alloy interface) as a function @) the Zr concentration in the alloys afio) the
oxidation temperature. The corresponding data toe Zr [20] have also been indicated. The
corresponding oxidation times are: 10 h (350 °@6 4C) and 1 h (500 °C ) for am-&k1 (X

= 0.26, 0.35, 0.51, 0.68); 3 h (500 °C) and 1 h (8Bpfor am-AlZr,, (x = 0.44); see Ref. [12].
Note that the error bars are smaller than thedfitee symbols.
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With increasing oxidation time (in the present stugh to 10 h), the continuous
inward diffusion of oxygen from the reacting oxiakdy interface into the alloy causes
the oxygen diffusion zone to progressively extemid ithe interior of the am-/&dr;«

alloy substrate. The oxygen diffusion within the-AigZr,x is governed by Fick’'s

second law,
Al Zr -AlZry x
—acgm ! = Dam'Alxzrl-x azcgm _rl (3.2)
at o al? '
am-AlZr, . . . .. .
where D is the diffusion coefficient of oxygen in the aniz&ri alloy

substrate (assumed to be concentration independestthe diffusion/oxidation time

am-AlZr, . . .
and c, is the oxygen concentration at depthbelow the oxide/alloy

interface/boundary plane (whefre= 0). Due to consumption of the amgad;« alloy
substrate by the growing oxide layer, the oxidejalhterface boundary plane actually
moves inwardly with progressing oxidation time, @ais not taken into account by Eq.
(3.1). However, the growth of the oxide layer isamslower than growth of the extent
of the O diffusion zone in the am+&k1 alloy substrate (cf. Figure 3.4). Hence, the
movement of the oxide/alloy interface/boundary pl@an be neglected (cf. Ref [21]).
Furthermore, it is assumed by use of Eq. (3.1) thatdiffusion of oxygen does not
depend on the concentration gradients of Al andinZthe alloy (adjacent to the

interface).
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Figure 3.4: AES concentration-depth profiles of amg24;, substrates oxidized at 350 °C: am-

AlgsiZrosefora) 1 h andb) 10 h, am-Ad sZry 65 for ¢) 1 h andd) 10 h, am-AdZroz4fore) 1 h
andf) 2.5 h.

The diffusion coefficient of oxygen in the amz&f;, alloy can now be estimated
for each alloy composition and oxidation tempemtfirom the evolution of the
respective concentration-depth profile of dissolv@dygen in the alloy substrate,

am-AkZr,

(o (1,t), for different oxidation times and oxidation teengtures, as measured by

AES sputter-depth profiling (cf. Figure 3.4). Taisttend, modeling of the oxygen
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concentration profile was performed on the basigaf(3.1), assuming a semi-infinite
solid-solution alloy matrix and applying the followy boundary conditions:

Cgm-Alerl-x (l’ t) | — Ciov (32)

am-AlZr .
C x&11-x

_ 0 (3.3)

wherecl represents the interfacial O concentration inaley at depth = 0, i.e. the
oxide/alloy boundary plane, ang represents the initial oxygen concentration in the
alloy at deptH, which iscg = 0 (see footnote 5). The solution of Fick's settaw (Eq.
(3.1)), applying the above boundary conditiongjiven by

-1
MM 1) = - [1 — erf(l X {ZW} >] ' (3.4)

am-AlZr, Lo
The temperature dependenceDgf satisfies

ALZr Q
D" = Dy - exp (—ﬁ) (3.5)

whereDy is the pre-exponential factdp, the activation energy for oxygen diffusion and
R the gas constant. For each alloy compositior= (0.51, 0.35, 0.26), linear least
squares fitting of the measured and calculatech@sg. (3.4)) O diffusion profiles was
performed for each alloy-substrate compositsbmultaneously on the entire set of
measured oxygen diffusion profiles for differentidation times and different
temperatures, adopting,, Do andQ (all independent of) as fitting parameterd.he
result of the fitting procedure for am-@hZross am-Ab ssZroes and am-Ad 26Zro.74 IS
shown in Figure 3.5. Differences of the measuredl dhe modeled oxygen
concentration-depth profiles can originate fron) (naccuracy of the oxygen
concentrations as determined by the quantificatioh the AES data using
experimentally-determined sensitivity factors, amdjii) (small) deviation of the real
diffusion behavior of oxygen in am-/&r, alloys to that assumed in the applied
(idealized) model. For the am-#sZro.3» @ comparable investigation of the oxygen
diffusion in the am-AlZr, alloy matrix was not possible due to a too lowdubility

in the am-AlZr, x alloy matrix (cf. Figure 3.3).

® Any residual oxygen signal recorded in the aniZAl, solid solution at the very end of each AES depth
profile was subtracted from the measured oxygefusldn profile.
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Figure 3.5: Oxygen diffusion profiles (experimental data (gsjnand fitted model (lines; cf.
Equation (3.4))) of: am-AlsiZrg 49 OXidized at(@) 350 °C for 1 h and 10 h arfd) 400 °C for 1

h, 5 h and 10 h; am-§d=Zr 65 OXxidized at(c) 350 °C for 1 h, 5 h and 10 h afd) 400 °C for 1

h and 2.5 h; am-AheZro 74 Oxidized at(e) 350 °C for 1 h, 2.5 h and 5 h a(f§i400 °C for 0.5 h
and 1 h. All profiles of one concentration werdefit simultaneously for both temperatures,
which resulted in values for the activation enefgythe pre-exponential factdd, and the
interfacial oxygen concentratiod, listed in Table 3.1. The sputtered depth indicates
distance from the oxide/alloy interface.
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The determined values af, Dy, Q and the accordingly calculated values of

am-AlZr,

D, at 350 °C and 400 °C for the oxidized amy-AFrg 49 am-Ab 357165 and

am-Aly 2eZr0.74 alloys, as well as the corresponding values foe parystalline ¢-)Zr
[20], have been collected in Table 3.1. For ams@ro4 the interfacial O
concentratiorr) = 2.3 at.%, as obtained by the fitting procedagrees well with the
experimental estimate for the O concentration andloy at the oxide/alloy interface,
which is 2.9 = 0.7 at.% (see beginning of this sehsn). The interfacial O
concentrations for am-AbsZroes and am-Ad.eZro74 (12.4 at.% and 15.5 at.%,
respectively) show a stronger deviation from thpegsmentally-determined interfacial
O concentrations (15.0 £ 1.2 at.% for amyAFroes and 19.8 £ 1.1 at.% for am-
Alo26Zro74). The experimentally-determined interfacial O corications (see above)
might differ from the interfacial O concentratiorss obtained by the fitting procedure,
due to difficulties in defining the position of tlE@norphous oxide/alloy interface from
the measured sputter-depth profiles in Figure 3.2.

It follows that the O diffusivity in the am-&r; alloy increases distinctly with
increasing Zr concentration in the alloy: The Chudivity in the Zr-rich am-Ad 26Zro.74
alloy is more than three orders of magnitude highan that in the am-Ak:Zro 49 alloy.

It is noted that the diffusivity of oxygen in puceystalline (a-)Zr is much lower than

those in themorphous Al,Zr1 4 alloys.

Table 3.1: The pre-exponential coefficieB, the activation energy for oxygen diffusi@Qp the
interfacial oxygen concentratian as determined by fitting of the oxygen diffusiorofiles in
oxidized am-AlZr,, with equation (3.4) (presented in Figure 3.5)wa#l as the corresponding
calculated diffusion coefficierid for 350 °C and 400 °C.

Do Q I D (350 °C) D (400 °C)
specimen
inmYs  kJ/mol inat.% in m?/s in m?/s
am-AlysiZro4e  3.9%x10° 174 2.3 9.9x1¢ 1.2x10%
am-Aly3Zroes  6.4x10’ 132 12.4 5.5x 1 3.6x10"
am-Aly ,eZro7a  7.1x10’ 127 15.5 1.5x1¢ 9.3x10"

(a-)Zr 6.61x10° 184 [22] 28.6[20] 2.4x1G'[22] -
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3.3.3 Oxidation kinetics of am-AlZri.x alloys

The uniform thicknesses of the amorphous oxide grosrths (cf. Figure 3.1) for
different oxidation times (1 — 10 h), alloy compamsis k = 0.68, 0.51, 0.35 and 0.26)
and oxidation temperatures in the range of 3500@Q0 °C were determined by SE
(see Sec. 3.2.3): see Figure 3.6. It follows thatdxide-film growth rate increases with
increasing Zr concentration in the amAt « alloy substrate: the oxide layer on the Zr-
richest am-Ad 2¢Zro.74 alloy substrate attains a thickness of 158 nmr df@ehours of
oxidation at 400 °C, which can be compared witlhaesponding thickness of only 15
nm for the oxidation of the Zr-poorest, amy8dZro 32 alloy under the same oxidation
conditions: see Figure 3.6.

Depending on the alloy composition, the oxidationekics are found to follow

either a parabolic rate law or a linear rate lage(Bigure 3.6a-d), as described by

d(t) = /ZKpt + dy(T)? (3.6)

d(t) = Kit + do(T), (3.7)

and

respectively. In Eqgs. (3.6) and (3.d),s the oxide layer thickness,s the oxidation
time, K, is the parabolic growth-rate constant &fds the linear growth-rate constant.
A temperature-dependent terdy(T), has been introduced to account for the combined
effects of the native oxide (i.e. a non-zero thessatt = 0) and an initial, very fast
non-parabolic/non-linear oxidation regime (untilketformation of a laterally-closed
oxide layer on top of the alloy surface; see R28]). Usually, a parabolic oxide-layer
growth behavior is observed when the diffusion arisidefects through the growing
oxide scale determines the rate of the oxide-grgtizess (diffusion-control), whereas
a linear oxide-layer growth behavior is observecemwta surface- or phase-boundary
process, e.g. at the oxide/alloy interface, is thie-determining step for the oxide
growth (interface-control) [6, 7, 24]. It is assuirt@at not only the diffusion-controlled
process but also the interface-controlled procesthermally activated, i.e. the rate
constant, andK; follow an Arrhenius behavior [6]:

Ko = Koxexp (— %) (3.8)

whereKj is a pre-exponential factd is the activation energy for the rate-determining

step in the oxidation process, R is the gas cohstiadhT is the oxidation temperature.
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For each alloy composition, linear least squarémdi of the measured and calculated
oxide-layer thicknesses was perfornsatdultaneously on the corresponding, entire data
set of different oxidation times and oxidation tergiures, adopting, Ko (both
independent of) anddy(T) as fitting parameters: see Figure 3.6. The opgchivalues
of Q, Ko anddy(T) have been gathered in Table 3.2.

Table 3.2: Experimentally determined (p: parabolic/l: linearide-film growth parameters for
crystalline Al, am-AlZr,, and crystalline Zr: the pre-exponential factty, the activation

energyQ, the oxide layer thicknessels(T,.) att,x = O h, the parabolic/linear oxide growth
constants at 400 °C and the goodness of fit. The fd& pure Al and Zr have been given for

comparison.
K, in /s
Qin doinnm dginnm dginnm goodness
specimen  mode Ko K, in m/s
kJ/mol 350 °C 375 °C 400 °C of fit
400 °C
226 1.10x10%
Al p
[25]* [25]*,**
am-
p 1.4x10" 73 2.9x106* 2.9 2.5 6.1 0.058
Algeelroaz
am-
p 2.2x10" 117 1.9x103° 11.5 12.7 16.2 0.010
Alg 51210 49
am-
p 1.6x10”°> 188 3.9x1¢° 9.4 8.4 0.0 0.112
Alg35Zro65
am-
0.04 135 1.4x16° 9.6 10.4 10.2 0.103
Alg3Zro6s5
am-
37.7 167 4.0x 1% 11.9 10.9 6.0 0.108
Alg26Zr0.74
133 7.1x10%*
Zr p

(26] [26]*

* at 450 °C  ** Converted from?ffcmi’s) in nf/s by the use of the densities 0@} [25] and ZrQ [27].
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Figure 3.6: Oxide-film thickness as function of oxidation tinmea temperature range of 350 °C
to 400 °C. The oxide-film growth on am;&r; alloys (0.51 <xs < 0.68) obeys a parabolic
rate law(a-b). The oxide-film growth on am-/2r,, alloys ks = 0.26) obeys a linear rate law
(d). The oxide-film growth on am-AksZro ¢s alloys takes an intermediate posit{@j
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It follows that oxide-film growth on the Al-rich al.Zri alloys withx = 0.68
and 0.51 exhibits relatively slowgarabolic oxidation kinetics (Figure 3.6a and b,
respectively), whereas oxide-film growth on theri¢hest am-AlZr; x alloy with x =
0.26 displays relatively fasktinear oxidation kinetics (see Figure 3.6d). The oxidatio
kinetics of the am-A¥r;« alloy with x = 0.35 takes an intermediate position: the linear
and parabolic growth models can both be fittedaeabkly well (although fitting with
the linear growth model leads to slightly bettesulés; cf. the goodness of fits displayed
in Table 3.2): see Figure 3.6¢. Hence with incregagr content in the alloy, a transition
from parabolic oxidation kinetics to linear oxidati kinetics occurs at an alloy
composition of about am-AbsZro ¢5 The determined activation ener@yfor parabolic
oxidation of the am-Afr,x alloys increases with increasing Zr content in thege
from 32 - 65 at.% Zr: i.eQ = 73 kJ/mol for 32 at.% ZKQ = 117 kJ/mol for 49 at.% Zr,
Q = 188 kJ/mol for 65 at.% Zr (see Table 3.2). Tlevation energyQ for linear
oxidation, as observed for the amyAdross and Ab2eZlo.74 alloys, also indicates an
increase with increasing Zr content in the rangenfi65 - 74 at.% Zr: i.eQ = 135
kJ/mol for 65 at.%. an® = 167 kJ/mol for 74 at.% Zr. Consequently, theentsd
oxidation growth rates show a stronger temperatl@pendency with increasing Zr
content in both regimes (i.e. for the parabolicdexgrowth regime observed at low Zr

content and for the linear oxide-growth regime obse at high Zr content).
3.4 Proposed oxidation mechanism

3.4.1 Diffusion of O and Al in the am-AlZr1.x alloys

The diffusivity of dissolved O in the am-&r1 alloys (solid solutions) has been found
to depend strongly on the amorphous alloy compmosi{see Sec. 3.2): the diffusion
coefficient of O increases very pronouncedly withreasing Zr content (cf. Table 3.1,
Figure 3.5 and Sec. 3.3.2). Recognizing that tffesion coefficient of O in relatively
dense crystallineal-)Zr is much smaller than in the considerably less dense agZAlk
alloys (cf. Table 3.19,the strong dependence of the O diffusivity on &ntent for the
amorphous am-AZr; x alloys suggests a less dense atomic structureecamorphous
solid-solution matrix with increasing Zr contemdeed, a recent XRD investigation of

the am-AlZr,x alloys by our group has shown that Zr-rich amZAl alloys have a

® The diffusion coefficient of O ino(-)Zr is given byD = 0.066110*exp(-184096/R[+273.15)) in rfis
for T =290 °C — 650 °C, as determined by tracer expartm[22].
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less dense atomic packing as compared to Al-richAgiir, « alloys [13]. Hence the
increased O diffusivity in the am-&r; alloys with increasing Zr concentration can be
rationalized on the basis of atomic packing dessitilecreasing with increasing Zr
content.

As compared to Al, Zr has a higher metal-metal bstneingth E.z = 298 kJ/mol
vs. Eaal = 264 kd/mol [28]), a much higher oxygen-metal datrength Ez.0 = 776
kd/mol vs.Ea.o = 511 kd/mol [29]) and a much larger atomic 5§{@e60 A (Zr) vs. 1.43
A (Al) [32]). Therefore, it may be assumed that thebility of Al is (much) higher than
that of Zr in the am-Akr,4 alloy and also in the O-dissolved region of theAlgZr;«
alloy adjacent to the oxide/alloy interface (cfgiie 3.2). Further, recognizing the
reduced packing density with increasing Zr alloyaumtent (see above and Ref. [13]),
it is likely that the mobility of Al in the am-AZr, alloy increases with increasing Zr
concentration in the am-r, alloy. The assumption of a higher diffusivity of i
(also oxidized) Zr-rich am-AZr; 4 alloys is consistent with the observed differenices

the oxide-film growth kinetics of the am-&lr, 4 alloys, as discussed next in Sec. 3.4.2.

3.4.2 Oxide-film growth mechanism

In the following, the oxide-film growth kinetics ahe am-AlZr;x alloys will be
discussed on the basis of the experimental remdtpresented in Sec. 3.3. The
exclusive, thermodynamically preferred formationaof amorphous oxide phase with a
singular composition, corresponding to aif/r® atomic ratio of 0.5, has been treated
in detail in Ref. [11], which can be summarized@kws: the amorphous state of the
oxide overgrowth (instead of a crystalline oxideerowth) is attributed to relatively
high energy barriers for the nucleation of the @afime Al,O; and ZrQ pure oxide
phases in combination with a kinetic obstructiom the amorphous-to-crystalline
transition of the initial amorphous oxide overgrbw@he occurrence of a practically
singular composition of the amorphous oxide phé&k,33Zro.67)O1.83 independent of
the parental alloy composition, is due to the exise of a deep minimum in the Gibbs
energy of formation of the am-(AlQ),(ZrO,):y phase at a composition pf 0.33 (i.e.
Al®/Zr™ = 0.5).

The experimental results of the oxide-film growttess as function of the alloy

(solid solution) composition (see Sec. 3.3) denratesst a stronger temperature

" The diffusivity of atoms in amorphous alloys wasirid to increase with decreasing atomic size [30,
31].
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dependency with increasing Zr content both witlie parabolic oxide growth regime,
as observed for oxidation of ams&r; alloy substrates with low Zr content, and
within the linear oxide growth regime, as obserf@doxidation of am-AlZr, alloy
substrates with high Zr content (cf. Figure 3.6 @able 3.2).

The solubility of O in the am-AZr; alloy starts to increase abruptly and roughly
linearly with increasing Zr alloying content for Zontents exceeding 49 at.% (i.e. for
am-AlkZri« with x < 0.51): see Figure 3.3a. Pure Al has a negligiblgo@bility [33]
and the pronounced solubility of O in the amZ&} .« alloy for x < 0.51 relates to the
intrinsically high solubility of oxygen in pure atalline @-)Zr, which has an oxygen
solubility limit as high as 28.6 at.% at 400 [20]. No distinct temperature dependency
of the interfacial O concentration in the ama&h alloys was observed in the
investigated temperature range (Figure 3.3b). Ppharallels the oxygen solubility limit
in a-Zr which increases only very slightly with increas temperature (§soved(at.%o)
= 28.6 + exp(-6748T +4.748) for 473 T < 1478 K [20]).

The continuous dissolution and inward diffusion@finto the am-AlZr,« alloy
substrate with simultaneous thickening of the oxwergrowth (cf. Figure 3.4 and
Figure 3.6) requires a constant net transport @n@ns from the outer oxide surface
through the developing am-(Al,Zr)-oxide layer todsithe oxide/alloy interface. In the
absence of short-circuit diffusion paths in the gshous oxide overgrowth (which is of
uniform thickness; cf. Figure 3.1a), such anionams$port mechanism requires coupled
fluxes of inwardly migrating O anions and outwardiygrating O-vacancy-like defects.
O-vacancy-like defects are easily injected into ttiiekening oxide overgrowth at the
oxide/alloy interface by continuous dissolution @ffrom the amorphous oxide layer
into the alloy substrate, analogous to the trarspoechanism proposed for the
oxidation of Zr metal [34]. The resulting oxygem+isport rate through the oxide layer
is equal to the net O vacancy flux from the reartmterface to the oxide surface under
influence of the respective chemical potential gmatacross the thickening oxide layer
[7]. At constant pressurehdre: pO, = 1x10° Pa), the observed larger extent of O
dissolution in the alloy substrate for higher Aoging content is likely paralleled by a
higher O defect concentration in the oxide at thacting oxide/alloy interface and,
consequently, in a larger chemical potential gnaideeross the oxide layer for a given

oxide-layer thickness. Hence a higher oxide-filmovgth rate is expected for higher Zr
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content in the alloy substrate, which is in accam#awith the experimental results (cf.
Figure 3.6 and Table 3.2).

At the reacting oxide/alloy interface, the dissmntof O into the alloy substrate
competes with the thermodynamically-preferred fdroma of the amorphous oxide
phase, with an almost singular composition, (AJ@34Zr0O2)o.67 Which corresponds to
a constant AY/Zr®* ratio of about 0.5 [11]. Preferred formation ofistham-
(AlO1.5)0.3dZr0O,)o0.67 phase at the reacting oxide/alloy interface tleggiires continuous
adjustment of the interfacial alloy compositiorato Al/Zr ratio of 0.5.

The am-AbsiZro.49 and am-Ad ggZro 32 alloys have bulk Al/Zr ratios of 1.0 and
2.1, considerably larger than the preferred Al/fwyaratio of 0.5 for the formation of
the am-(AlQ 5)0.39Zr02)0.67 phase. Continued oxidation of the amy-&Fro 49 and am-
AloseZro32 alloys would thus require backward diffusion of iato the interior of the
alloy substrate (recognizing that Zr is relativehmobile thus constituting the reference
matrix element; see Sec. 3.4.1). If the backwaftuglon of Al into the alloy is too
slow as compared to the inward motion of the mowirigle/alloy boundary plane (due
to continuous oxide formation), a pile-up of Al acs. Indeed a distinct pile-up of Al in
the alloy substrate at the reacting alloy/oxiderifaice occurs for the oxidation of the
am-Aly 51210 49 alloy, which has a much faster oxidation rate thiam Al-richest am-
AlgseZro 32 alloy (and thus a faster moving oxide/alloy indéed): compare Figure 3.2a,b
and Figure 3.6a,b. (Selective oxidation of Zr upgbarmal oxidation of crystalline,
intermetallic Al-Zr alloys was also found to result an Al enrichment in the alloy
substrate [35, 36]). The pile-up of Al in the allsybstrate at the reacting oxide/alloy
interface for the oxidation of especially the amy-Afro.49 alloy can imply that the
(parabolic) oxidation rate for this alloy is notlpmetermined by the rate of oxygen
transport through the oxide layer but also by thekiwvard diffusion of Al into the
interior of the alloy.

The am-Ab3Zro6s5 alloy has a bulk Al/Zr ratio of 0.54, which is gnslightly
above the thermodynamically-preferred oxide comtjosi (AI®/Zr®* = 0.5). In
accordance with the above discussion, oxidatiorarafAly 35Zrp 65 results in only a
small Al pile-up in front of the oxide film (cf. Bure 3.2c) (see what follows).

The am-Ab26Zro74 has a bulk Al/Zr ratio of 0.35, which is smalldrah the
preferred Al/Zr alloy ratio of 0.5 for the formatioof the am-(AlQs)o.3(Zr0O2)o.67
phase. Continuous oxidation now requires diffusasbi\l from the interior of the alloy

towards the reacting interface to adjust the atlognposition to the preferred ratio of
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Al/Zr = 0.5 for the formation of the am-(AlQR)o3(Zr0.)067 phase. If the rate of
formation of the am-(Al@s)o34Zr0.)067 phase at the reacting oxide/alloy interface
would be governed by the diffusion of Al from tHewg interior to the reacting interface
or by diffusion of oxygen through the oxide layg@arabolic oxidation kinetics is
expected, which is clearly not observed (see Figusd). The am-Al.eZro.741s the Zr-
richest alloy of this study and the dissolved Oteahin the alloy at the oxide/substrate
interface is as large as 15.0 = 1.2 at.% (cf. Fg8r2d). Consequently a high Al
mobility in the alloy (see Sec. 3.4.1) and a higingport rate of O through the oxide
layer (see above) are expected. Then the oxide-ifowth rate can be interface-
controlled, i.e. governed by e.g. the redistriboid atoms at the amorphous oxide/alloy
interface and consequently a linear growth ratexigected [24]. The am-AssZro6s
alloy then takes an intermediate position.

As follows from the above discussion, the oxidationetics of the am-AFr;
alloys are principally controlled by)(the atomic mobilities of O and Al in the alloy
substrate at the reacting oxide/alloy interfadé tife solubility of O in the substrate and
(iii) the compositional constraint due to the selediwvenation of an amorphous oxide
phase of singular composition (independent of tley @omposition); wherei) and (i)
strongly depend on the Zr content of the aniZAl, alloy substrate.

3.5 Conclusions

* The solubility of O in Al-rich am-Ari« alloys &a > 0.51) is below 3 at.%. For Zr-
rich am-AlZr 4 alloys ka < 0.51) the oxygen solubility abruptly increasesghly
linearly with increasing Zr alloying content (up tt9.8 + 1.1 at.% for am-
Al .26Z10.72).

» The diffusion coefficient of oxygen in the amsz&t;  alloy increases with increasing
Zr alloying content in the alloy due to a decreafsthe atomic packing density in the

alloy (solid solution) with increasing Zr content.

* The oxide-film growth rate of am-gdr; . increases pronouncedly with increasing Zr
alloying content in the alloy, which is due i the increase of the solubility of O in
the alloy with increasing Zr conteand (ii) the increase of the mobility of Al in the

(O-dissolved region of the) am-~&lr; 4 alloy with increasing Zr content.
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Parabolic oxide-film growth kinetics occurs for Ath am-ALZr, alloys &> 0.51),
whereas linear oxide-film growth kinetics prevdos Zr-rich am-AlZr, .« alloys & <

0.35). The am-Al3Zro.65 alloy takes an intermediate position.

The parabolic oxide-film growth kinetics of the &ty s1Zro.49 (Al/Zr ratio = 1.0)

and am-AbgsZros2 (Al/Zr ratio = 2.1) alloy substrates (with an Al/Zatio much

higher than the thermodynamically-preferred®/r® ratio of 0.5) implies a
diffusion-controlled oxide-growth behavior. The de&ifilm growth rate can be
governed by the rate of oxygen diffusion througé ¢fnowing oxide layer and/or by
the backward diffusion of Al from the reacting oeldlloy interface towards the
interior of the alloy (as a consequence of the wsteeé formation of the

thermodynamically-preferred am-(Al@o.33Zr0O2)o.67 phase).

For high Zr contents of the ams&k,« alloy, the diffusion processes in oxide film
and substrate have become that fast that the dikalegrowth rate is governed by
the reactive formation of the thermodynamicallyfeneed am-(AlQ 5)o.35Zr02)o.67
oxide phase at the oxide layer/substrate interflicear oxide-film growth kinetics

occurs.
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Chapter 4

Thermal oxidation of amorphous Alo.44Zro.56 alloys

Katharina Weller, Lars P. H. Jeurgens, Zumin Wamd &ric J. Mittemeijer

Abstract

The oxidation of amorphous #M4Zro s¢ alloys upon exposure to pure(@) at 500 and
560 °C (andpoz = 1x10° Pa) was investigated by a combinatorial experialent
approach using X-ray diffraction, spectroscopidpsthmetry, transmission electron
microscopy and Auger electron spectroscopy. Dutirgyearly stages of oxidation at
500 and 560 °C, an amorphous (Zr,Al)-oxide layelhomogeneous composition and
uniform thickness is formed, which is enriched imwdth respect to the alloy substrate.
At 500 °C, both the alloy substrate and the oxidget remain amorphous during
continued oxidation, whereas at 560 °C, a crysiallietragonal Zr@(t-ZrO,) phase
nucleates after prolonged oxidation, while theyatlemains amorphous. The nucleation
and growth oft-ZrO, at 560 °C occurs exclusively close to the intexfaetween the
initially formed amorphous (Zr,Al)-oxide layer attte alloy, immediately underneath a
region of Al enrichment in the substrate, as trigge by oxidation-induced
compositional changes in the alloy below the reactalloy/oxide interface and a
favorable energy of the interface betwdefrO, crystallites and the amorphous alloy
matrix. The growingt-ZrO, oxide crystallites eventually laterally coalesoeform a
continuous layer constituted of branches of deediitaped-ZrO, phase crystallites
surrounded by an Al-rich amorphous Al-Zr alloy npatiThe underlying mechanism of
the oxidation process is discussed.

4.1 Introduction

Bulk amorphous alloys, also known as metallic glasfave attracted much interest in
the last decade owing to their outstanding physiced chemical properties, such as
high yield strength, very high elastic strain lingbod castability, good moldability and

a relatively low density [1, 2]. Zr-based (e.g. &IFAM, Zr-Cu-TM, TM = transition
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metal) amorphous alloys represent one of the mibisiciive families of amorphous

metallic alloys, because they possess a relatiedr thermal stability and a low

coefficient of thermal expansion in combinationtwéxcellent corrosion resistance [3,
4], which provides opportunities for many potentagplications (see Ref. [1] and
references therein). Hitherto, research on Zr-basetrphous alloys has mainly
focused on the investigation of their thermal $ibj5-8] and mechanical properties
(e.g. Refs. [9-11]). The oxidation behavior of Zrskd amorphous alloys, in particular
under near-atmospheric conditions, has receivedhniegs attention to date [12-16].
Clearly, comprehensive knowledge of the oxidati@mdvior of amorphous alloys is
indispensable for assessing their durability andabiity under practical operating

conditions. In the absence of grain boundarieshenamorphous state (cf. Ref. [17]),
thermal or plasma (pre-)oxidation of (usually) hgeoeous amorphous alloys is
expected to result in a highly uniform oxide barrignd this uniformity enhances the
adhesion and corrosion resistance of the barrier.

The growth kinetics and developing microstructufeoride layers formed on
multicomponent Zr-based amorphous alloys by oxahaire mainly determined by the
oxidation conditions (e.g. temperature, time, presshumidity) and the nominal (bulk)
composition of the alloy [14, 18-20]. During oxidat, the composition of the alloy
adjacent to the developing oxide overlayer canngiso deviate from the bulk alloy
composition due to the combined effects of, for repke, preferential oxidation,
interfacial segregation and the nucleation of aljise intermetallic phases. Typically
cumbersome experimental assessments of the oxdatioiced microstructural
changes in the alloy, as a function of the oxidatamnditions, are then needed to
unravel the oxidation mechanism. Such compreherestperimental oxidation studies
have been reported forystalline binary, ternary and quaternary alloys [21-24], éng
very scarce ([25, 26]) faamorphous alloys. Furthermore, it is emphasized that, due to
the amorphous state of the parent alloy substrateyth stresses in the developing
oxide overlayer due to lattice mismatch strain aa accur and, consequently, the
evolution of the oxide microstructure likely diflefrom the development of the oxide
microstructure on itscrystalline alloy counterpart [27]. It is concluded that the
underlying oxidation mechanisms ahorphous alloys are still poorly understood.

As a first step to improve fundamental understagdihthe oxidation behavior of
multicomponent Zr-based amorphous alloys, oxidatsbmdies ofbinary Zr-based

amorphous alloy systems, like Al-Zr and Cu-Zr afiplgave to be performed. One may
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wonder how different or equal affinities for oxygehthe components of the alloyn(
the present study: Al and Zr; cf. Ref. [28] for the oxidation of ctydline Al-Ti alloys)
work out for the oxidation kinetics and developirxide-layer microstructure.
Revealing the preferentially oxidizing species anyétalline) binary alloy systems of
components with similarly strong oxygen affinitiean in particular be difficult; for
Mg-Al, see e.g. Ref. [22]. To the best of our knedde, only one previous study has
been reported on the oxidation of amorphous Alddaty alloys [29], which involved
the thermal oxidation of amorphous,&i;« (38 at.% — 70.7 at.% Zr) thin films with a
limited thickness of 150 nm. At elevated oxidation temperatures {00 °C), the
amorphous Al-Zr layer of only 150 nm thick fullyatrxsformed into oxide (a detailed
investigation of the oxide composition or elementlpth distribution was not
performed). Clearly such a process is not reprasigatof the oxidation behavior of
bulk amorphous Al-Zr alloys (as addressed in tles@nt study).

The current paper presents a comprehensive inaéistigof the thermal oxidation
of 2 um thick (bulk-like) amorphous M4Zro.s6 (am-Aly 4421056 alloy coatings at 500
°C and 560 °C and gio. = 1x10° Pa. At these elevated temperatures, diffusion of
oxygen in the oxide, as well as oxygen dissolutiothe alloy substrate, are thermally
activated and relatively thick oxide layers (i.bicknesses > 50 nm; see Sec. 4.3.3)
develop on the amorphous alloy substrate. The dpire oxide film microstructure
and the oxidation-induced compositional and mictastiral changes in the parent am-
Alo 4410 56 alloy substrate were investigated by a combinat@xperimental approach
using X-ray diffraction (XRD), cross-sectional (&) transmission electron
microscopy (TEM) and Auger electron spectroscop¥S$A sputter-depth profiling.
Furthermore, the oxide-film growth kinetics was estigated by spectroscopic
ellipsometry (SE). The thus-obtained results ongtwvth kinetics and the developing
oxide-layer microstructure were discussed in teahshe mechanisms and processes

governing the oxidation of amorphous Al-Zr alloyssams.
4.2 Experimental procedures and data evaluation

4.2.1 Specimen preparation

Amorphous Al-Zr alloy coatings were deposited o8t(100) wafers, covered with a 50
nm-thick thermally grown Si®layer, by co-sputtering from pure Al (purity 99980
wt.%) and Zr (purity 98.5 wt.%) targets in an ATE0D F high-vacuum sputter system
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(base pressure <50 ° Pa; AJA International Inc.). The Ar gas (purity. @999 at.%)
was introduced into the system at a constant flate of 18 ml/min, leading to an
equilibrium chamber pressure of 0.5 Pa. The depositf the amorphous Al-Zr coating
was carried out for 3 h, applying direct currenCjpbowers of 119 W and 93 W for the
Zr and Al targets, respectively, and a substratation speed of 10 rpm. The sputter
depositions were performed without active coolingl,aconsequently, the substrate
temperature gradually increased from room tempezaip to about 80 °C after 3 h of
deposition.

The as-deposited coatings have a uniform thickoésdbout 2 um (as measured
with a DekTak 8 profilometer) and a nominal composiof 44 at.% Al and 56 at.% Zr
(as measured by electron probe microanalysis uai@ameca SX100 microprobe
system). The amorphous structure of the as-depo8iligsZro 56 alloy was confirmed
by XRD and TEM (see Figure 4.9 and discussion tifarethe supporting information).

The specimens are further designated as ayn&b s¢ alloy.

4.2.2 Oxidation of the am-Alo.44Zro 56 alloy

The as-deposited am-#\sZro se-coated wafers were cut into small pieces<mnf),
each of which was enclosed in a separate quartpamprhe ampoules were evacuated
and then filled with pure oxygen up to an oxygertipapressure opo, = 3.5x10" Pa

at room temperature (RT), which correspondsptp = 1x10° Pa at 560 °C.
Subsequently, the sealed ampoules were introduttedai pre-heated furnace B =
560 °C for different oxidation times.§ = 15, 30, 45, 60, 120, 180, 240, 300 minutes).
After the chosen oxidation times, the ampoules waken out of the furnace and
immediately quenched in watell (~ 18 °C). Analogously, an additional series of
oxidation experiments was performedTgt = 500 °C for oxidation times dfyx = 60,
120, 180, 240 and 300 minutge{(= 3.8<10" Pa at RT po, = 1x10° Pa at 500 °C).

4.2.3 X-ray diffraction

The phase constitution and crystallinity of thedaposited and oxidized am-¢AlZro 56
alloys were determined by XRD. To this e&R& scans were recorded over 8range
from 10° to 65° using a Bruker D8 Discover diffraicieter, operating in parallel-beam
geometry, applying Ci&a radiation @ = 1.54056 A) combined with an energy-

dispersive detector.
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4.2.4 Spectroscopic ellipsometry

The oxidation kinetics of the am-#dZros6 alloy was investigated by SE using a J.A.
Woollam M-2006™ spectroscopic ellipsometer equipped with a Xeright Isource
(wavelengthd range: 300—-850 nm). The ellipsometric paraméteendA as functions
of A were recorded at variable incident angbes 60°, 65°, 75° and 80° (with respect to
the surface normal) from the as-prepared and ceadatloy. To determine the oxidation
kinetics from the measured spectra¥il, ¢) and A(A, ¢), a method similar to that
described in Refs. [30, 31] has been used, in wthehevolving alloy substrate/oxide
layer system is described by an optical model ipo@ating an am-Al44Zro s¢ Substrate
covered with a double-layered structure includimgexternal (i.e. surface-adjacent)
oxide layer of uniform thicknes$,,, and an intermediate (interface-adjacent) layer of
uniform layer thicknessLegwa. More details of the optical model and the fitting

procedure/parameters are given in the supportifognration.

4.2.5 Transmission electron microscopy

The microstructure of the oxidized ameAdZro s6 alloy was studied by TEM using a
Philips CM 200 microscope operated at 200 kV anetgrgy-filtered TEM (EFTEM)
using a Zeiss 912 Omega microscope operated atk¥20Cross-sectional TEM
specimens were prepared using the so-called “tripotishing method” (see the
supporting information for the detailed procedurEJemental distributions in the
oxidized am-A$.44Zr0.56 alloys were obtained by EFTEM imaging at thelAédge (73
eV), the ZrM edge (180 eV) and the ©edge (532 eV) in the cross-sectional lamellae
of the oxidized am-Als4Zro 56 alloys. A standard three-window method [32] (twe-p
edge signal windows before the ionization-edge amubst-edge signal window) was
applied for such energy-filtered TEM imaging.

4.2.6 Auger electron spectroscopy sputter-depth profiling

The elemental depth-distribution in the developoxide layer and the adjacent alloy
substrate were determined by AES sputter-depthilipgpf To this end, alternating
cycles of AES analysis and ion sputtering wereqrereéd with a JEOL JAMP 7830F
scanning Auger microscope. During each measurestept spectra of the Al LMM, Zr
MNN and O KLL Auger lines were recorded using ar@ry electron beam of 10 keV
and 15 nA scanning an area of 10xt0”. The sputtering steps were performed for 30 s

using a focused 3 kV Arbeam with a current of about OuA, scanning an area of
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500x500um?. To prevent differential charging of the insulatioxide layer during the
analysis steps, each specimen was precoated visithran thick Al capping layer (by
magnetron sputtering) prior to the AES analysise Preak-to-peak intensities of the
various oxidic and metallic spectral contributionsre resolved from the differential
AES spectra using the linear least-squares firgggedure as implemented in the Phi-
MultiPak software (version 7.5). For each recordguitter-depth profile, a linear
conversion of the cumulative sputter time to thpp(aximate) sputter depth was
performed by applying the sputter rate as deterthfrem the known Al capping layer
thickness of 50 nm (see above). Concentration-degihles for the resolved metallic
and oxidic Al and Zr signals and the O signal wet#ained by multiplying the
respective peak-to-peak intensities with experi@éntdetermined sensitivity factors

(see the supporting information) and normalizind®0 at.%.
4.3 Results

4.3.1 Oxidation of the am-Alo.44Zros¢ alloy at 500 °C

The evolution of the XRD patterns of the amy#¥ro 56 alloy for different oxidation
times up to 300 minutes at 500 °@o{= 1x10° Pa) is presented in Figure 4.1a. All
recorded diffraction patterns only display a broaignsity hump at 2~ 36°, which
originates from the am-Ak4Zros6 alloy. It is thus concluded that neither a crystal
oxide phase nor a crystalline metallic phase (dwendcleation of a crystalline
intermetallic or solid-solution phase) develops mpgwolonged oxidation at 500 °C.
Corresponding cross-sectional TEM analysis indeedeals the formation of an
amorphous oxide layer with a uniform thickness of about 3@ after oxidation at
500 °C for 300 minutes (see micrograph and selemted electron diffraction pattern
(SADP) in Figure 4.1b). With increasing oxidatiame, the recorded XRD intensity
hump at Z~ 36° corresponding to the ampAlZro ssalloy decreases (see Figure 4.1a),
which is attributed mainly to the reduction in tiickness of the am-Ah4Zros6 alloy
substrate due to the amorphous oxide growth anhharto X-ray absorption by the
overgrown amorphous oxide. The XRD patterns furttddence a development of
small intensity at around &- 30° with increasing oxidation time, which should
correspond to the X-ray scattering from the growamgorphous oxide layer (cf. Ref.

[33]). The thickness of the amorphous oxide layefumction of the oxidation time up
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to 300 minutes at 500 °C, as determined by crostsesal TEM and SE, is shown in
Figure 4.2 (for detailed analysis of the oxide-lagwth kinetics, see Sec. 4.3.3).

As evidenced by AES sputter-depth profiling anay¢seeFigure 4.T), the
amorphous oxide layer grown at 500 °C contains battlized Zr and Al and possesses
a homogeneous composition of 11.0+0.7 at.% Al, B0 at.% Zr and 63.7+0.6 at.%
O. This corresponds to a constant Al/Zr atomicoratf 0.44+0.03 in the amorphous
oxide, which is lower than the Al/Zr ratio of 0.6881 in the bulk alloy. This implies
that the amorphous (Zr,Al)-oxide layer is enricledr with respect to the alloy: i.e. Zr
is preferentially oxidized from the am-AlZross alloy. The AES analysis further
reveals a pronounced dissolution and inward difiusof O into the alloy substrate
during oxidation (the O content of the alloy suatdris about 8.6+0.4 at.% at 500 °C;
seeFigure 4.T). Further, an enrichment (i.e. a pile-up) of Althe alloy adjacent to the
reacting interface is observed after the oxidaibs00 °C for 180 minutes (s€eure
4.1c), which is discussed in Secs. 4.3.2.3 and 4.4.1.
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Figure 4.1: (a) XRD patterns recorded from the amyAross alloy after oxidization for
different times ,) at 500 °C o, = 1x10° Pa). (b) Cross-sectional bright-field TEM
micrograph of the am-Ak4Zr, 56 thin film after oxidation at 500 °C for 300 minsteThe arrow

in (b) indicates the (approximate) location of thede/alloy interface. A selected area electron
diffraction pattern recorded from the amorphousiexiegion is shown in the inset of (k3)
Concentration-depth profiles of the amya¥rys¢ alloy after oxidation at 500 °C for 180
minutes, as measured by AES sputter depth profiling
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Figure 4.2: (Oxide layer thicknes$)as a function of the oxidation time for the thefrma
oxidation of the am-AlsZross alloy at 500 °C and 560 °C (pb, = 1x10° Pa), as determined
independently by spectroscopic ellipsometry (SE) aEM. For details, see Secs. 4.3.3 and
4.4.1. Note that the error bars are smaller tharstke of the symbols: the standard deviation of
the thickness values determined by TEM is £ 5 rima;figure of merit (FOM) for the thickness

values determined by SE is + 0.26 nm.
4.3.2 Oxidation of the am-Alo.44Zro.56 alloy at 560 °C

4.3.2.1 Oxide microstructure

XRD analysis of the am-AksZro s alloy after oxidation at 560 °C (also) shows no
formation of a crystalline oxide during initial @dtion up to 60 minutes (i.e. again only
a distinct broad intensity hump from the any-Aro 56 and a small intensity increase at
26~ 30° from the amorphous oxide, is observed inrédoerded diffraction patterns; see
Figure 4.3 and cf. Sec. 4.3.1). This is in accocdawith the cross-sectional TEM

analysis presented in Figure 4.4b-e, showing thadtion of an amorphous oxide layer
with a very uniform thickness for oxidation timgs to 60 minutes. The thickness of the
amorphous oxide layer as function of oxidation tupeto 60 minutes, as determined by
cross-sectional TEM and SE, is shown (also) in f€gd2 (for discussion, see Sec.
4.3.3). The amorphous oxide layers grown at 50@ni@ at 560 °C (up to 60 minutes)

will be designated hereinafter as-(Zr,Al)-oxide layer.
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Figure 4.3: XRD patterns recorded from the amyA¥r, 56 alloy after oxidization for different

times €x = 15 min — 300 min) at 560 °Qf, = 1x10° Pa), indicating the formation of a

crystalline tetragonal ZrphasettZrO,) for t,, > 60 minutes.

After 120 minutes of oxidation, sharp diffractioregks are observed in the
recorded XRD patterns (see Figure 4.3), which canifambiguously attributed to the
formation of a crystalline tetragonal Zr(B-ZrO,) phase (further designatedtagrO;
ICDD card 00-042-1164 [34]). The corresponding sfesctional TEM analysis shows
that the first oxide crystallites have already eatéd in the alloy substrate closehe
interface between the am-AlZross alloy substrate and the external (i.e. surface-
adjacent) amorphous oxide layer after 45 minutesxidation: see Figure 4.4d. The
density of the initial oxide nuclei (as distributatbng the interface), as well as (to a
lesser extent) the average crystallite size, bothease with increasing oxidation time.
Obviously, at the very early stage of crystalliaatithe tinyt-ZrO, crystallites are too
small to be detected by XRD. Analysis of recordé&dBs of the oxide crystallites in
TEM confirm that the crystalline oxide phase copmsls tot-ZrO,: see Figure 4.49g
(SADP) and h (dark-field image). The diffractionttean in Figure 4.4g contains two
sets of diffraction spots rotated about 5° relatveach other, which suggests that the
correspondind-ZrO, crystalline particle (see Figure 4.4h) contairsrall-angle grain

boundary.
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After initiation of nucleation ott-ZrO,, the growth of the external am-(Zr,Al)-
oxide layer retards with respect to the parabotimmgh behavior (see Sec. 4.3.3) of
earlier times: continued oxidation predominantlydlves continued nucleation and
growth of t-ZrO, underneath the external am-(Zr,Al) oxide layer. @iss-sectional
TEM images in Figure 4.4e and f). Th&rO, crystallites preferentially grow inwardly
(i.e. into the interior of the am-M4Zrose alloy substrate) and thereby develop an
irregular (dendritic-like) morphology without distit crystal facets (see Figure 4.4e).
After 120 minutes of oxidation at 560 °C (see Fegdr4f), thet-ZrO, crystallites have
coalesced into a seemingly laterally continuoustatiine layer of irregular thickness
underneath the initially formed external am-(Zr;ARide layer. Upon continued
oxidation (180 minutes - 300 minutes), this layesvgs further into the am-AhsZrose
alloy substrate, as shown by the cross-sectiongltsfield and dark-field TEM images
for an oxidation time of 180 min in Figure 4.5aAchigh-magnification dark-field TEM
image (taken by selecting a diffraction spot fro#rO,) of the crystalline oxide layer
region for the oxidation time of 300 min (Figuréd) shows that this crystalline oxide
layer is not completely compact and actually cdesig interconnected branchestef
ZrO, crystallites. Therefore the crystalline oxide layell be further designated as a
(quasi-)continuous-ZrO; layer.
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Figure 4.4: Cross-sectional bright-field TEM images of as-dafanl am-A} 4425056 thin film
(a) before oxidation, and after oxidation at 560 Pig,(= 1x10° Pa) for(b) 15 minutes(c) 30

minutes, (d) 45 minutes,(e) 60 minutes andf) 120 minutes. The insets of (b) to (f) show

corresponding SAD patterns from selected regiotkeramorphous oxide layer adjacent to the

surface. The arrows ifb) and(c) indicate the (approximate) location of the alloyfaxide
interface.The SAD pattern taken at theZrO, crystallite marked ir(e) is shown in(g). The
corresponding dark field-TEM image, as obtainedsblecting the diffraction spots marked in

(9), is shown ir(h).
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Surface

Amorphous oxide

Crystalline oxide

0.5 um Amorphous alloy

Surface

Amorphous oxide

Amorphous alloy

Figure 4.5: Cross-sectional TEM analyses of the arg2#dryss Specimen oxidized at 560 °C
(Poz = 1x10° Pa) for 180 minutega) bright-field TEM image,(b) SAD pattern taken at the
crystallinet-ZrO, region marked in (a)c) dark-field TEM image as obtained by selecting the
0-20t-ZrO, diffraction spot marked in (b). The cracks in thaface oxide layer (dark lines in
(c) originate from TEM sample preparatidd) dark-field TEM image (taken by selecting a
diffraction spot fromt-ZrO,) of the crystalline oxide region of the amgAryss Specimen
oxidized at 560 °Cpp, = 1x10° Pa) for 300 minutes, showing that the crystalbm@le region

is composed of interconnected brancheisff, crystallites.

4.3.2.2 Elemental distribution in the layer containing crystalline oxide (t-

Zr03?)

The local elemental distributions of Al, Zr and ®©the (quasi-)continuousZrO, layer,

as formed after prolonged oxidation (itg.= 180 min) at 560 °C, were analyzed by
EFTEM: see Figure 4.6. A bright-field TEM imagetbé investigated crystalline oxide
region is shown in Figure 4.6a. Individual EFTEMakntal maps of the Al L edge
(green), the Zr M edge (blue) and the O K edge)(exd presented in Figure 4.6b-d,
respectively. An overlay of the individual elemédnteaps of Al, Zr and O is shown in

Figure 4.6e. The purple-colored areas in the brdikehstructure of Figure 4.6e result
from the overlapping of the signal contributions &f and O in Figure 4.6¢ and d,

respectively. It follows that the (Zr,0)-rich pueptolored areas in the branch-like
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structure in Figure 4.6e correspond to pu#&O, crystallites, i.e. no (or a negligible)
amount of Al is detected in theZrO, phase.

The EFTEM analysis further reveals a pronouncedrkichment (as compared to
the alloy substrate) in the matrix surrounding &0, crystallites (Figure 4.6b). The
corresponding AES analysis (see Sec. 4.3.2.3)algtences a lower concentration of
metallic Zr between the branchestefrO,, which could not be detected by EFTEM
analysis (due to its lower sensitivity); this mieakr is likely left over from the alloy
substrate upon developing of th&rO, branches. The inter-branch regions entangling
the t-ZrO, crystallites thus correspond to an Al-enrichedZAlalloy (possibly with
some dissolved remaining oxygen), which is amorglasiproven by XRD and TEM.

(a) §
' am-Alg 4,71 56

C rystalline #-ZrO,

100 nm

Figure 4.6: (a) Bright-field TEM image of the am-#k.Zros6 Specimen oxidized at 560 °C for
180 minutes showing the continuous crystalline exie€ZrO, layer. Elemental mapping ¢b)
the Al L edge at 73 eV (greer(l;) the Zr M edge at 180 eV (blue) afd) the O K edge at 532
eV (red).(e) Overlay of the individual elemental maps of Al, ard O (note: the purple color
results from the overlapping signal intensitieZofand O). The uniform dark grey area in (a)

corresponds to the am-AlZro 56 alloy substrate (not electron transparent).
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4.3.2.3 Depth-resolved chemical constitution

The measured AES sputter-depth profiles after theoxidation of the am-AlsZros6
alloy for 15, 30, 45, 180 and 240 minutes at 560at€ shown in Figure 4.7a-f,
respectively. The Al capping layer, as depositedamof the alloy after oxidation, is
clearly resolved in all sputter-depth profiles (S=. 4.2.6). As evidenced by XRD and
TEM (see Sec. 4.3.2.1), far< 60 minutes, an amorphous oxide layer of uniform
thickness has formed and pronounced nucleationZo©, has not yet occurred. The
corresponding AES sputter-depth profiles fgr= 15 min (Figure 4.7a),x = 30 min
(Figure 4.7b) andy,x = 45 min (Figure 4.7c) show a homogeneous compasdf the
amorphous (Zr,Al)-oxide layer. The amorphous (Z&tide layer is enriched in Zr
(relative to Al, as compared to the substrate) @retall contains 10.7+1.0 at.% Al and
25.5+0.6 at.% Zr at 560 °C. The composition of #meorphous oxide layer remains
approximately constant upon continued oxidation i¢Wwhinvolves predominantly
subsequent growth @fZrO,) up to 240 minutes at 560 °C (cf. Figure 4.7). dbwer,
the compositions of the amorphous oxide layers grawv 500 °C and 560 °C are
practically the same (within experimental accuracy)

The AES analysis reveals the occurrence of a pmoecenldissolution and inward
diffusion of O into the underlying alloy substrataring oxidation, which indicates a
high diffusivity of O anions through the developiam-(Zr,Al) oxide layer at 560 °C.
For the amorphous oxide-growth regime ufiofe= 45 min, an enrichment of Al in the
alloy substrate adjacent to the reacting interfaagbserved (Figure 4.7a-c), which runs
parallel with a slight, gradual increase of thesdiged O concentration in front of the
Al-enrichment zone (Figure 4.7d). The enrichmen#bin the substrate at the reacting
alloy/oxide interface has disappeared after oxiaiator 180 and 240 minutes at 560 °C
(see Figure 4.7e and f), i.e. after the nucleadiod lateral growth afZrO,. After these
prolonged oxidation times at 560 °C, a double-legenxide structure has developed,
which consists of a surface layer of amorphous AlZoxide and a bottom
(quasi-)continuous layer (see Sec. 4.3.2.2) of ggstalline t-ZrO,: as shown in
Sections 4.3.2.1 and 4.3.2.2. The AES depth psofiieer 180 and 240 minutes show
that thet-ZrO, growth front gradually advances inwardly (i.e. tegion containing-
ZrO, thickens), whereas growth of the am-(Zr,Al)-oxidger retards (with respect to
the parabolic growth behavior observedtfpr 60 minutes; see Sec. 4.3.3). A constant

(stoichiometric) O/oxidic-Zr atomic ratio is estebled across the polycrystalline oxide
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region (i.e. intensity plateaus of the O and oxidicsignals are observed; see Figure
4.7e and Figure 4.7f). The AES analysis also expdbe presence of enriched (as
compared to the alloy substrate) metallic Al (ammine metallic Zr)within the
polycrystalline oxide region. Thexialic Al intensity within the crystalline oxide region
is practically negligibleThese AES results are fully consistent with theesponding
XRD, TEM and EFTEM analyses (discussed in sectibds2, 4.3.2.1 and 4.3.2.2),
indicating that the inter-branch regions surrougdimet-ZrO, crystallites correspond to

a relatively Al-rich amorphous Al-Zr solid solutigeee Figure 4.7f).

4.3.3 Oxidation kinetics at 500 °C and 560 °C

The square of the oxide-layer thickness, as detethby SE Il(iotai = LoxtLema, S€€
Section 4.2.4) and by cross-sectional TEM analysee Section 4.2.5), have been
plotted as a function of the oxidation time in Fig4.2 for the oxidation experiments at
500 °C and 560 °C (@0, = 1x10° Pa). The total oxide-layer thickness values oletain
by SE,Lwta = LoxtLewma, as introduced in the optical model (see Sec4).2re in very
good agreement with oxide-layer thickness valueependently determined by TEM
(see Secs. 4.3.1 and 4.3.2.1). The EMA thickneksesd gva, describing the changes
of the optical constants of the evolving substféte/system adjacent to the oxide/alloy
interface (see Sec. 4.2.4), are (very) much sméflen the corresponding thickness
values, Lo, of the bulk amorphous oxide top layer: At 500 °Csua equals
21.8£3.2 nm, approximately independent of oxidatiore and temperature. At 560 °C,
Lema gradually decreases with increasing oxidation tifreen 23.3+£0.3 nm after
tox = 30 minutes to 17.8+0.1 nm aftgr = 45 minutes.

As soon as &ZrO, has significantly nucleated at the interface betwthe am-
(zr,Al) oxide layer and the alloy substrate (i.er f > 60 minutes at 560 °C, as in
particular shown by TEM in Sec. 4.3.2.1), the agtimmodel fails to describe the
measured spectra 8(A, @) andA(A, ¢). Then only the thickness value determined by
TEM can be used for the oxidation time of 60 misue560 °C.
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(a) 560 °C: 15 minutes

(b) 560 °C: 30 minutes
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depth was set by letting coincident the oxygenlkeae large depths (larger than 100 nm below

the amorphous oxide layer) for the experimentd foand 30 minutes of oxidation.

The observed linear relationship between (layerkitéss) and oxidation time
(see Figure 4.2) implies that the oxidation kinetd the am-Ad 4421056 alloy obeys a
parabolic growth law. This suggests that, at 50@A@ 560 °Ct(< 60 min), the rate of
oxidation of the am-Al44Zro 56 alloy is rate-limited by diffusion of reactantsdahgh the
am-(Zr,Al) oxide layer, i.e. presumably by the dgfon of oxygen anions (see
discussion in Sec. 4.4.1). Note that the interceptihe linear fit ofL%,,,, versust in
Figure 4.2cross the origin (within experimental accuracyplying a parabolic oxide
growth behavior from the beginning of oxidation. eTlexperimentally determined
parabolic growth constants eqigl= 4.9%10™ cnf/s andk, = 2.6%10"% cnf/s at 500
°C and 560 °C, respectively (seigure 4.2and discussion in Sec. 4.4.1).

4.4 Discussion of oxide-growth behavior and mechanisms

On the basis of the results presented in Sectidntde oxidation behavior of the am-
Alg 4Zros6 alloy at 500 °C and 560 °Qxd, = 1x10° Pa) can be subdivided into three
characteristic (partially overlapping) oxidatiorgies, which are discussed below and

are schematically illustrated in Figure 4.8.

4.4.1 Stage I: amorphous oxide-layer growth

The onset of oxidation of the ameAlZross alloy at 500 °C and 560 °Qd, = 1x10°
Pa) is characterized by the formation and overdnositan amorphous (Zr,Al)-oxide
layer of uniform thickness and homogeneous comiposisee Stage | in Figure 4.8.
Strikingly, the amorphous oxide layers formed a0 3C and 560 °C have the same
nominal composition, practically independent of éixéation time. The average Al and
Zr contents of the amorphous oxide layers, as ohetexd from the measured AES depth
profiles after various oxidation times at 500 °Q@ &®60 °C, are 10.8+0.8 at.% Al and
25.2+0.5 at.% Zr. The corresponding Al/Zr-atomita@f 0.43+0.03 for the amorphous
oxide layer is significantly lower than the Al/Zatro of 0.68+0.01 of the bulk am-
Alo 441056 alloy (see Figure 4.1c and Figure 4.7). HencesZpreferentially oxidized

from the am-A} 44210 56 alloy substrate.

! The parabolic growth constants were obtained aiogrtok, = L2, /t.
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The Gibbs energies of formation;G’, (in kJ per mole O) at 800 K (i.e. in
between 500 °C and 560 °C) for the common crys®@lirQ and ALO; single-oxide
phases, as well as for amorphous Za&dd AbO; (as estimated from the respective
configurationally frozen liquid oxide phases beltwe glass transition [27]) have been
gathered in Table 4.1. It follows that the listadlkoGibbs energies of formation (per
mole O) are practically identical for am-@; and am-ZrQ Hence bulk
thermodynamic considerations cannot explain themesl preferential oxidation of Zr
from the am-Ads4Zross alloy. The constant homogeneous composition of the
amorphous (Zr,Al)-oxide phases independent of diadaime and temperature instead
suggests the existence of a distinct minimum in @ilebs energy of mixing of the
homogeneous (AD3)«(ZrO.), solid solution at a composition of 10.8+0.8 at.%afd
25.2+0.5 at.% Zr, likely in combination with a faably low interface energy between
the amorphous oxide and the amorphous solid soltae to the absence of lattice-
mismatch strains; see [35, 36] and also Sectio2}.@ngoing structural investigations
in combination with a detailed thermodynamic assest of the AJOs-ZrO, pseudo-
phase diagram by the present authors indeed rewetdstability for an amorphous
(AlO15)05(Zr0,); ternary oxide phase [37]. It is thus concluded;,tiva the studied
oxidation regime, the phase constitution of thedexiayer is not determined by the
reaction kinetics (e.g. by a flux balance of theseof incorporation of Zr and Al into
the growing oxide and the rates of diffusion ofakid Zr from the interior of the bulk

alloy to the reacting alloy/oxide interface; e.ge Rkef. [38]).
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Table 4.1: The Gibbs energies of formatiofxG® (in kJ per mole O), at 800 K (and at 1 atm)
for common crystalline Zr@and ALO; pure oxide phases, as well as for amorphous 2r@d
amorphous AIO; (estimated from the corresponding configuratigndtbzen liquid phases

below the glass transition [27]). All necessaryrth@dynamic data were taken from [39].

Chemical formula AGP in kd/mol O atom at 800 K
Monoclinic a-ZrO, -473
TetragonaB-ZrO, -470
am-ZrQ -445
Rhombohedrati-Al ,O5 -475
Cubicy-Al 05 -470
am-ALO; -445

The am-Abs4Zrose alloy dissolves a considerable amount of oxygenindu
oxidation atT > 500 °C (see Section 4.3.2.3). This indicates &hat> 500 °C, oxygen
anions can easily migrate through the developing(anAl)-oxide layer towards the
reacting oxidation front, presumably by a “vacantikg diffusion mechanism (as
discussed for the oxygen diffusion in amorphougQ4al[40]), to dissolve and diffuse
into the am-Ad 44210 56 alloy substrate. The transport@fanions through the thickening
am-(Zr,Al)-oxide layer towards the oxide/alloy irfece requires coupled currents of
negatively charged O anions (as generated by d&sa@ chemisorption at the outer
surface) and positively charged O “vacancies” (&pegated by the steady-state
dissolution of O anions from the oxide layer irte am-A} 44210 s6 SUbstrate, analogous
to the thermal oxidation of pure crystalliree-)Zr [41, 42]), as well as of electrons and
electron holes (by thermionic emission, which i$ cansidered to be rate-limiting at
> 500 °C [41, 43]). The significant solubility andffdsivity of oxygen in the am-
Alo.4Zr0 56 alloy substrate relates to the intrinsically hgblubility and diffusivity of
oxygen in pure crystallineaf)Zr,> which has an oxygen solubility of as high as 28.6

at.% in its pure form at 500 °C. A similar high gen solubility (about 7 at.% at

2 The amount of oxygen that can be dissolved-#r increases with increasing temperaturg:g, (at.%)
= 28.6 + exp(-674B8'+4.748) for 473 T < 1478 K [44]. The diffusion coefficient of oxygema-Zr (Dy
= 0.066110*exp(-184096/R) in nf/s) is 2.4x10° mé/s atT = 773.15 K and 1.9x10 m¥s T = 833.15
K [45].
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900 °C [46]) was found imr-TisAl, which relates to the high oxygen solubility éAaTi
(32 at.% O at 900 °C) [28, 47]. The large O soitpih Zr metal is in great contrast to
the negligible O solubility in pure crystalline AThus, it is expected that the O
solubility limit decreases with increasing Al comtein the amorphous AlZr solid
solution, which has indeed been experimentally olesk[37].

The oxidation process has induced considerablegasainm the composition of the
am-Aly 44210 56 Substrate in the vicinity of the formed oxide layEor the oxidation
experiments al = 560 °C (see Section 4.3.2.3), Al enrichmenthia alloy develops
adjacent to the alloy/am-(Zr,Al)-oxide interface faxidation times up to 45 minutes:
see Figure 4.7b-d. Such gradual enrichment of Ahatreacting interface is induced by
the preferential oxidation of Zr from the ameAZro 56 alloy (see above discussion) and
the concurrent oxidation-induced (inward) migratioh the am-(Zr,Al)-oxide/alloy
interface. As shown in Figure 4.7d, tbecreased O solubility limit of the Al-enriched
region then induces expulsion of dissolved oxygefatger depths in front of the Al-
enrichment zone. These effects are less pronoufaethe oxidation at the lower
temperature of 500 °C, as the oxidation kineties rauch slower (cfFigure 4. and
Figure 4.7d).

After the formation of a closed amorphous (Zr,AXiee layer, which acts as a
diffusion-barrier layer for the reactants, a (dsifan-controlled) parabolic growth law is
established with parabolic growth constantiof 4.910 cnf/s andk, = 2.6%10"°
cn’/s at 500 °C and 560 °C, respectively ($égure 4.3. These parabolic growth
constants for the external growth of the am-(Zr@t)de layer on the am-AhsZrose
alloy are similar to the parabolic growth constaoitd,”’= 1.4110"* cnf/s andk,”'=
4.6910™ cnf/s, as reported for oxide-layer growth on crystallzr at 500 °C and 550
°C [48]; the parabolic growth constant as repoftedhe oxidation oftrystalline Al at
500 °C (atpo, = 1x10" Pa), is significantly lowerk," = 8.8%10"® cnf/s [49].° The
parabolic oxidation rates are governed by the ddtexygen diffusion through the
thickening am-(Zr,Al)-oxide layer towards the oxaléoy interface via the anion-
“vacancy” exchange mechanism, as discussed abowddfails, see Refs. [40, 41]) and

in accordance with previous studies of the oxidatid Zr-based metallic glasses (see

% The parabolic growth constants were given in uoitg’/c’s in Refs. [48, 49]. These data have been
recalculated here in units of é® by considering the densities of monocligi©, (5.73 g/cn) [50] and
y-Al, 05 (3.69 g/cm) [49], respectively.

95



Chapter 4

Ref. [12] and references therein). The oxide-grokatle could be co-determined by the
degree of Al-enrichment at the reacting alloy/amAB-oxide, because this Al
enrichment decreases the flux of dissolved O ineoalloy substrate, thereby reducing

the rate of O “vacancy” generation [41].

4.4.2 Stage II: interfacial nucleation of t-ZrO:

After the initial formation and growth of an amoquis (Zr,Al)-oxide layer on the am-
Al 44210 56 alloy (Stage 1)i-ZrO, nanocrystallites nucleate in the alloy substrédeecto
the interface between the amgAMZro 56 alloy and the external amorphous oxide layer:
see Stage Il and its enlarged part lla in Figur®@ &ee also Figure 4.4d). The
development of-ZrO, is only observed after 45 minutes of oxidatio®@® °C and not
upon prolonged oxidation at 500 °C. This suggdssthe barrier fot-ZrO, nucleation

at the reacting interface can only be surmountesi6at°C. Distinct differences in the
compositional gradients develop at the reactingy&im-(Zr,Al)-oxide interface during
the oxidation experiments at 500 °C and 560 °C.sT¢tan explain the exclusive
nucleation ot-ZrO, at 560 °C, and not at 500 °C, as follows.

The nucleation of-ZrO, in the O-dissolved zone in the alloy substrateoives
the mechanism of internal oxidation in binary afiay the presence of an external oxide
scale bere: am-(Zr,Al)-oxide), as originally proposed by Wagifgl] and reviewed in,
for example, Refs. [52, 53]. The internal formatafri-ZrO; in the am-A} 4421 56 alloy
is thermally activated at locations in the alloye(iat depths below the reacting
oxide/alloy interface) for which the solubility mioct Ks, of t-ZrO, is exceeded: i.e.
(az) x (ap)? > Ky, Whereay, andag are the activities of Zr and O in the alloy at the
given location (depth) below the original surfatigpon oxidation at 560 °C, a distinct
enrichment of dissolved O builds up in front of thleenrichment zone at the reacting
interface (this is not evident at 500 °C): see FaglL7d. Thereby the solubility product
K, may be surpassed, which can trigger the inteorahdtion oft-ZrO,, in the region
immediately below the region of Al enrichment. ledethe enrichments of Al and the
driven-away O at the reacting interface are largastsuccessive depths, after 45
minutes of oxidation at 560 °C (Figure 4.7d), whadincides with the observed onset
of nucleation oft-ZrO, at the corresponding depth below the interfacgui@ 4.4).
Hence, the nucleation @fZrO, for the oxidation at 560 °C is caused by oxidation
induced compositional changes in the alloy below tkacting interface. Indeed,

significant O-enrichment in the substrate at thectiag alloy/oxide interface cannot be
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detectedhfter the nucleation of-ZrO,. The above consideration disregards the barrier to
oxide nucleation associated with the creation ol naternal interfaces between
crystalline oxide nuclei and the alloy matrix, whimtroduces excess Gibbs energies to
the system and, more importantly, here likely rutestype of (metastable) oxide phase
to nucleate firsthere: t-ZrO,, see below).

Formation oft-ZrO, at the amorphous-oxide/amorphous-alloy interfage &lso
been reported for the oxidation of Zr-Al-(Cu,Ni) tallic glasses in Ref. [54]. However,
in that case the nucleation ®BZrO, was preceded by the nucleation of nanocrystallites
of anintermetallic compound at the oxide/alloy interface, which maydttributed to
(also) oxidation-induced compositional changes e talloy substrate [54]. The
intermetallic nanocrystallites can provide seedstlfi@ heterogeneous nucleationtof
ZrO,, because the energy of the interface betweennteemetallic (nano)crystallites
and the external amorphous oxide layer is highan that of the interface between the
t-ZrO, crystallites and the amorphous oxide [54]. In phesent work, the nucleation of
crystalline intermetallic phases in the amy-fA¥ros6 alloy during oxidation does not
occur (cf. Section 4.6.1 in the supporting inforioi@a}, i.e. the amorphous state of the

am-Aly 44210 56 alloy is fully preserved upon prolonged oxidatignto 560 °C.
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am-Alg 4420 56
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Stage (I1)

Figure 4.8: The oxidation mechanism of amoAlZross Schematic illustration of the oxidation
stages of the am-AlZrose alloy: (I) Growth of an amorphous (Al Zr)-oxide layer of
homogeneous composition and uniform layer thickngites-up of metallic Al in the substrate at
the oxide/am-AJ 44Zr¢ 56 interface due to preferential oxidation of Zr éolled by a region of O
enrichment underneath (the oxygen is driven awagnfthe region of Al enrichment due to
reduced solubility of O), as observed at oxidatiemperatures of 500 °C (up to an oxidation
time of 300 minutes) and 560 °C (up to oxidatianets of 45 minutes)ll) Nucleation oft-
ZrO, at the amorphous oxide/ampAlZro 56 alloy immediately underneath the Al-enriched zone
due to local surpassing of the solubility prodtig) . (1lI) Further nucleation afZrO, nuclei
and growth of already formeaelZrO, nuclei into the am-Al4Zro 56 Solid solution matrix: (1)
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fluctuations in the developingZrO, morphology and the local compositions in the sumdbng
solid solution matrix (which is rich in Al and poor Zr and O) destabilize theZrO, growth
front, resulting in a dendritd-ZrO, morphology; (lllb) the final state of the oxide
microstructure, as developed upon oxidation of dgy&ryss at 560 °C for 300 minutes: a
laterally closed (quasi-)continuous oxide layemsisting of interconnectetdZrO, branches
distributed in an Al-rich amorphous am-AlZr solidlgion matrix, has formed below the

amorphous oxide layer.

Bulk thermodynamics may be applied such that tlystalline oxide phase with
the lowest (i.e. most negative) Gibbs energy ofmfmtion (per mole O) will
preferentially be formed in O-supersaturated zarig¢se am-AlZr alloy (see Table 4.1).
Consequently the formation of rhombohedrab@l (a-Al,03) should preferentially
occur, although this thermodynamic preference isveoy strong; compare the Gibbs
energies of formation in Table 4.1. However, foliogy Ostwald’s rule of stages, the
crystalline oxide phase that nucleates first may eetastable polymorphic variant of
the stable crystalline oxide phase, with energgesb to that of the initial state [55, 56];
for the present investigated system: cubil,O3 (instead ofa-Al,Os3) [35] or t-ZrO,
(instead of monoclinit-ZrO,) [27]. Remarkablyy-Al,O3; andt-ZrO, have practically
identical Gibbs energies of formation (see Tabld).4.lt then follows that,
thermodynamically, the nucleation of eithgiAl,O3 or t-ZrO, may be exclusively
determined/selected by a relatively low interfacergy of the oxide phase with the
amorphous alloy matrix (see also Ref. [57]). TheQzbond strength is much higher
than the Al-O bond strengfhwhich suggests a lower energy of the amorphowsy/&ll
ZrO, interface as compared to the amorphous-ahéy4Os interface (for a similar
density of O at the two interface boundary plariZg)[ It is thus concluded that the
observed exclusive nucleation ZrO; is ruled by interface energetics, in accordance
with previously reported studies on the oxidatidnpare crystalline Zr metal and
(crystalline/amorphous) Zr-based alloys [59-61hds long been recognized thatrO,
nanocrystallites can be stabilized by their lowerface energy (as compared to the
monoclinic phase) up to a critical crystallite saferoughly up to about 10 nm [62, 63].

It is conceivable that-ZrO, nanocrystallites embedded in a foreign matrix ban

4 The Zr-O bond dissociation energy of 232 kJ/mol is significantly higher than the Al-O lbn
dissociation energy of 488 kJ/mol [58].
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stabilized up to even larger critical sizes by falabe interface energies with the
surrounding matrix [27, 63].

4.4.3 Stage III: growth of dendritic-like t-ZrO:

After nucleation oft-ZrO,, the oxidation process at 560 °C (i.e. not at 300 is
characterized by the formation and growth of a $gdeontinuoust-ZrO, interfacial
layer below the external am-(Zr,Al)-oxide layeresstage Il in Figure 4.8. The (quasi-
)continuoust-ZrO, interfacial layer consists of a branched structoiredendritically
shaped-ZrO; crystallites, immersed in an Al-enriched am-(A),Hratrix phase.

After nucleation of the first-ZrO, nanocrystallites in the alloy substrate close to
the reacting interface (see Section 4.3.2), sulesgqinward progression of the
oxidation front is governed by the diffusional fesxof dissolved O and metallic Zr in
the alloy (amorphous solid solution) to continugugtovide O and Zr concentrations
(locally, where thd-ZrO, crystallites grow) in excess of those correspogdnthet-
ZrO, solubility product in the alloy (see above andR¢52, 53]). The solubility of Al
in t-ZrO, is negligibly small (< 2 at.% Al in monoclinic ZgDeven smaller int-ZrOy)
[64, 65]. Consequently, nucleation and growth tafrO, crystallites (by selective
incorporation O and Zr from the supersaturated ahmus solid solution) is associated
with the expulsion (segregation) of Al out of thegion where thé-ZrO, crystal grows
(see Figure 4.6). As a result, the growirify O, crystallites become embedded in an Al-
enriched matrix, relatively poor in Zr and depletadO, which impedes their further
growth. Continued growth of theeZrO, crystals thus depends on local fluctuations of
the evolvingt-ZrO, crystallite morphology, as well as on (associass above) local
compositional fluctuations in the surrounding alloatrix. Local protrusions at the
growing t-ZrO, surface, which are directed towards high dissef@edoncentrations,
will preferentially grow and cause a destabilizataf the growth front, resulting in a
dendrite-like structure; see Stage Il and its eydd part llla in Figure 4.8 (see also
Section 4.3.2.2). The developingZrO, branches do not exhibit any distinct crystal
facets, indicating that their morphology/growtmmst governed by interface energetics.
Corresponding nucleation and growth of furth&rO, proceeds until a laterally closed
(quasi-)continuous interfaciatZrO, layer below the external am-(Zr,Al)-oxide layer
has formed after an oxidation time of 300 minute$@0 °C: see the relatively late

development of Stage Il in Illb in Figure 4.8.
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4.5 Conclusions

Upon (prolonged) oxidation of amorphousyAZrose alloys at 500 °C and 560 °C
under near-atmospheric conditions the alloy preserits amorphous state. The
oxidation mechanism can be subdivided into thragest:

Stage I: The formation of an amorphous (Zr,Al)-axihyer of homogeneous
composition and uniform layer thickness upon oxatatit 500 °C (up to 5 h) and 560
°C (up to 45 minutes). The amorphous oxide layakselthe same nominal composition
characterized by 10.8+0.8 at.% Al and 25.2+0.5 aZf6(balance O), practically
independent of the oxidation time and temperatuiegich complies with a (local)
minimum in the Gibbs energy of mixing for the horeogous amorphous
(Al203)4(ZrOy)y solid solution. The parabolic growth of the amanp$ oxide layer is
governed by the rate of oxygen diffusion via anoadivacancy” exchange diffusion
mechanism.

An Al-enrichment in the alloy adjacent to the alkmwy-(Zr,Al)-oxide interface
occurs upon oxidation 8= 560 °C for oxidation times up to 45 minutesirakiced by
the preferential oxidation of Zr from the amoAZro 56 alloy. A concurrent expulsion of
O from the region of Al enrichment to larger deptheurs as a consequence of a
decreased O solubility in the Al-enriched solidusioin.

Stage II:t-ZrO, nanocrystallites nucleate, after 45 minutes oflation at 560 °C,
close tothe interface between the amgMZrose alloy and the external amorphous
oxide layer immediately underneath the region ofeAtichment. The nucleation of
ZrO, at 560 °C is triggered by the supersaturatiomefamorphous AlZr alloy in the O-
enriched region with respect to the solubility prod of t-ZrO,. Neither bulk
thermodynamics nor kinetics (Ostwald’s rule) canlyfuexplain the exclusive
occurrence oft-ZrO,. The exclusive development ®¢fZrO, can be ascribed to a
favorable interface energy with the amorphous athayrix.

Stage llI: Growth of the-ZrO, crystallites (by selective incorporation of O &rd
from the supersaturated solid solution) is assediatith the expulsion (segregation) of
Al out of the region surrounding the growitigrO, particles. As a result, the growing
t-ZrO, crystallites become embedded in an Al-enrichedimaioor in Zr and O, which
impedes their further growth. Protrusions from theface of the-ZrO, crystallites

preferentially grow towards oxygen-richer regionghe matrix and, consequently, the
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growth front becomes unstable and a dendrite mdoglgalevelops, governed by local

fluctuations in the dissolved O concentration.
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4.6 Supporting Information

4.6.1 Characterizations of the as-deposited Alo.44Zros6 alloy

The X-ray diffraction (XRD) pattern&268 scan, CuKa radiation, Bruker D8 Discover
diffractometer) of an as—depositedyMZro 56 alloy is shown in Figure 4.9a; it reflects
only a very broad intensity hump af2 36° (FWHM = 4.8°, fit with Topas Bruker
AXS), which implies that the AlLsZross alloy is XRD amorphous. The bright field
TEM (Philips CM 200, operated at 200 kV) image ob@ nm thick as-deposited
AloZrose thin film® and the corresponding selected area electroradiftm pattern

(SADP), shown in Figure 4.9b, reveal a homogendwsse structure in the bright field
image and a diffuse amorphous halo in the corresipgnSADP, and thereby confirm

that the Ad 44210 56 thin film is amorphous.

(a)

Intensity / /a. u.

T T T

T T L4
10 20 30 40 50 60

20 /degrees

Figure 4.9: (a) XRD pattern @26 scan, CKa radiation) recorded from the as-deposited am-
Al 44210 56 alloy, (b) bright-field TEM micrograph of an as-deposited Atgz4Zr 56 thin film. A
selected area electron diffraction pattern (SADRhe corresponding specimen is shown in the

inset of (b).

® For the TEM characterization, approximately 50 timck am-Ab44Zrps6 thin films were sputter
deposited for 4 minutes (using the same procedsre@escribed in Sec. 2.1) onto a 20 nm thick
amorphous Si©@membrane window (SIMPore Inc.).
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4.6.2 Optical model fitting of the spectroscopic ellipsometry data;

determination of the oxidation Kkinetics

To determine the oxidation kinetics from the meadwspectra o¥(A, ¢) andA(A, ¢),

an optical model for the evolving alloy-substrakede-layer system was constructed in
the WVASE32 software package (version 3.770), wrattbwed linear-least squares
fitting of measured and calculated spectraléd, ¢) andA(A, ¢), while employing the
optical constants (i.e. the refractive indeX/) and the extinction coefficienk(A))
and/or the thickness(es) of the formed oxide layea6 fit parameters. The constructed
optical model incorporates an amgMZro 56 Substrate covered with a double-layered
structure, including an external (i.e. surface-eelje) oxide layer of uniform thickness,
Lox, @and an intermediate (interface-adjacent) layeumform layer thicknessl gua,
which possesses optical properties in between thbdee am-Af 44710 56 Substrate and
the surface oxide layer (see what follo@he optical constants of the as-prepared am-
Alos4sZros6 alloy were straightforwardly determined at eachvelangth from the
experimentally measure®(4, ) and A(A, ¢) data of the as-deposited (i.e. non-
oxidizedf am-Ab.uZross Specimen using a point-by-point fitting procedine the
WVASE software package (i.e. by fitting each wanglh separately with andk as fit
parameters). The refractive indegl) of the transparent (i.&(A) = 0 over the fitted
wavelength range) surface oxide layer was descmbidla Cauchy function, i.&(A) =
A+B/A? where A and B are constants. An effective medapproximation (EMA)
layer, based on the Bruggeman formulation [66], wdspted to describe the optical
properties of the intermediate layer, employingadtMA fractionsfgya = 0.5 for the
optical constants of the surface oxide and the phuurs alloy. An EMA approach is
generally applied to describe a wide range of “nggieffects, such as surface and
interface roughness, compositional or phase mix@ng index of refraction grading
[67]. In the present optical model, the intermesliBMA layer is introduced to account
for the changes in the optical properties of theyadt the reacting alloy/oxide interface,

® Note that the optical constants of the underlyBigsubstrate can be omitted in the optical model,
because all light refracted in the 2 um thick amz4dr, 56 coating will be fully absorbed (i.e. the alloy
coating can be conceived as an infinitely thickyaBubstrate).

" In fact, the am-AJ44Zro 56 alloy substrate unavoidably possessesltathin (below 3 nm) native oxide
layer at its surface, which can be neglected imptiesent study, since only the (pseudo-)opticastzonis

of the am-A} 4471 56 alloy substrate are required in the adopted dathuation procedure.
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as resulting from the combined processes of oxyliesolution, preferential oxidation
and phase mixing (see Sec. 4.3.3).

For each oxidation temperature, the measured spett#(1, ¢) andA(A, ) were
simultaneously fitted for all oxidation times, wibdopting a single set of Cauchy
coefficients (A and B) and variable layer thickresds,x andLguwa. The thus obtained,
optimized Cauchy constants equal A =2.063, B2@6f for an oxidation
temperature of 560 °C and A = 2.033, B = 0.0Z|far an oxidation temperature of
500 °C. Thus obtained exemplary values of the céfra index atA =600 nm are
n=2.090 at an oxidation temperature of 500 °C aw2.119 at an oxidation
temperature of 560 °C. Hence the oxide layers fdrate500 °C and 560 °C have very
similar optical properties. These refractive indextues are considerably higher than
that ofa-Al, O3 (n=1.768 atd = 600 nm [68, 69]) and only slightly lower tharattof
crystallinet-ZrO, (n = 2.192 a1 = 632.8 nm [70]).

4.6.3 Cross-sectional TEM specimen preparation

A so-called ‘Tripod polishing method’ [71] was ustx prepare cross-sectional TEM
specimens. To this end, two pieces cut of the sgmeeimen were glued together face-
to-face (i.e. coating-side to coating-side). Thastbbtained sandwich was again cut
into smaller pieces (2.5x1 nfjn Next one side of a sandwich was plane-polished
perpendicular to the glue plane (i.e. polish plpla¢¢ perpendicular to the original film
surface) until the specimen reached a thicknes206fum. The polishing was carried
out with different grain-sized diamond lapping fdnstarting with 15 pm and ending
with 0.5 pum grain size. Then the last polishingpst@s done with a soft felt pad wet by
a colloidal silica suspension with a nominal graire of 0.05 um. Next the opposite
(i.e. remaining non-polished) side of the specime&s polished with a slight tilting
angle of 0.3° until interference fringes at thentlast side of the now wedge-shaped
specimen appeared (i.e. with a thickness below ). [Finally ion-milling was
performed using an Ar-ion polishing system (PIPS®®L, Gatan) at 3 kV (13 mA)
with an incident beam angle of 9°, until a hole i@sned. At the edges of the ion-
milled hole, electron transparent areas for cressienal TEM analysis had then been
achieved.
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4.6.4 Determination of the AES sensitivity factors

The employed relative sensitivity factors for mitahl and Zr were straightforwardly
determined for each measurement from the resolea#f-fo-peak intensities recorded
from the bulk am-AJ44Zro 56 alloy (i.e. using the recorded spectra at the @ndach
sputter-depth profile) and the known bulk compositiRelative sensitivity factors for
oxidic Al, oxidic Zr and Owere determined from the resolved peak-to-peakngiy
ratios, as recorded under identical conditions frii@rmally-grown oxide scales on
pure Al and Zr metal specimens (oxidation condiiof,=500 °C, pO,=1x10° Pa,
tox=300 minutes; see Sec. 4.2.2), assuming stoichr@mampositions for the grown
Al, O3 and ZrQ layers. The relative O sensitivity factor was aied as an average of
the independently-determined relative sensitivigtdrs of O in AlO; and ZrQ. This
resulted in the following relative sensitivity facs S, with respect to pure Al (i.e.
Sa=1): $,=0.73,5,*=0.56,5,°"=0.67,%=1.16.
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Chapter 5

The effect of pre-oxidation treatment on the corrosion

behavior of amorphous Ali1-xZrx solid-solution alloys

Katharina Weller, T. Suter, Zumin Wang, Lars PJeurgens, Eric J. Mittemeijer

Abstract

The corrosion behavior of both as-deposited anebgigized amorphous AlZr solid-
solution alloys X = 0.25, 0.32, 0.49, 0.65, 0.74) in 1 M HCI wasestigated by the
micro-electrochemical technique. The highly unifomicrostructure of the sputter-
deposited alloys is evidenced by the extreme remibdity of consecutively measured
potentiodynamic polarization curves on differentfgce areas (300 um in diameter) of
the same specimen. It was found that the nativeeobdyer on thas-depositedAl-rich
Al1Zry alloys & < 0.49) is much less stable upon anodization i HCI, which
rapidly results in a total break-down of the pratex character of the native Al-rich
oxide layer. For higher Zr alloying contentsz 0.49, the as-deposited alloys exhibit
passive corrosion behavior due to the formatioa pfotective Zr-rich passive film on
the Zr-rich alloy surface. The Al/Zr ratio in the resultingsgave film is comparable to
the Al/Zr ratio of the parent alloy. Thare-oxidized am-Al,Zrx alloys all exhibited
superior corrosion behavior as compared to thetleg®sited pendants (without any
sign of the onset of pitting corrosion), attainipgssive current densities as low as
3.5x10% pA/cenf at 1000 mV. The superior corrosion resistancehef pre-oxidized
alloys is attributed to a combination of charact®rs of the thermally-grown
amorphous (AlsZros7)O183 overlayer: () a relatively high Zr fraction, ii) a
structurally and chemically uniform microstructur@,i) a stable, minimal residual
growth defect structure (in the surface regionalgisthed by a sufficiently large time of

oxidation.
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5.1 Introduction

Amorphous solid-solution alloys, which are constituted olioaer-melting-point metal
M (e.g. Mg, Al, Cu, Ni) and a refractory metal RgeW, Ta, Mo, Nb, Cr, Zr), further
designated as am-MRy alloys, are known to provide unique material praps, such
as superior corrosion resistance, high elasticinstdamit, high strength and
biocompatibility [1-3]. Generally, am-MRx solid-solution alloys cannot be prepared
by conventional casting methods, because the rgghmint of the refractory metal by
far exceeds the boiling point of the low-meltingfgometal constituent and also the
mutual solubility of M and R in the MRy liquid phase may be limited. Non-
equilibrium processing routes, like mechanicalyalig [4-6], ion beam mixing [7] and
magnetron sputtering [8-10], are typically usedptoduce homogenous am:MRy
solid-solution alloys, which are single-phase anitly famorphous over a relative large
compositional range.

Al is a light metal and therefore Al-based alloysdf manifold applications in
technological areas where weight reduction is aoma@pncern, such as in automotive
and aerospace industries. Al metal provides goodosion resistance in neutral
environments, but actively dissolves in acidic dvasic solutions and also is very
susceptible to pitting corrosion in chloride-contag solutions [11, 12]. It has long
been recognized that dissolution of a refractoryaiée W, Ta, Mo, Nb, Cr or Zr in
pure, crystalline Al (or Cu) drastically enhances gorrosion resistance, even in 1 M
HCI solution (as typically used to evaluate theistasmice of passivating metals and
alloys to pitting corrosion) [3, 13, 14]. To reaihigh degrees of supersaturation, well
beyond the solubility limit for crystalline Al, aclnogenousamorphous solid-solution
phase (instead of the (super)saturated crystdtmél phase) can be applied which can
be obtained by sputtering. For example, sputtepsliégd Al Zry alloys are amorphous
over a relatively wide compositional range of 0<lx < 0.74 [8, 15]. A high refractory-
metal content in the am-MRy alloy, which is chemically interacting with the take
constituent in its first coordination shell [8], yélock the active dissolution of the
metal constituent from the amiMRy alloy and, at the same time, promote the
formation of a structurally and compositionally foanmm, passivating amorphous
(oxyhydr-)oxide film in corrosive environments (sbelow and Refs. [13, 16-20]).
Notably, correspondingrystalline M14Rx alloy modifications contain grain boundaries,

dislocations and (possibly) phase boundaries, wbarhact as initiation sites for pitting
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corrosion [13, 15]. Hence, from a scientific pooftview, am-M Ry alloys offer a
unique possibility to investigate (and to utilizbg sole effects of the alloy composition
and the passive-film microstructure on the cornogiehavior [15].

The present study addressesltigal corrosion behavior of both as-deposited and
pre-oxidized amorphous AlZr, solid-solution alloys of various compositions<0.25,
0.32, 0.49, 0.65, 0.74; as prepared by magnetrotiesng) in 1 M HCI solutiongH =
0) by application of the electrochemical microckpy technique [21-23]. The
microcapillary method enables local measurementsetdéctrochemical) corrosion
currents on a selected, very small area of theseardf the specimen (in this study: 300
pm in diameter) at an extraordinarily high currezdolution in the fA range [21-23].
This is not possible for conventional electrocheahiscanning techniques, where a
much larger area of the specimen surface is imrdersthe electrolyte (immersed area
in the range of mfcn?). The electrochemical microcapillary techniquesttallows
assessment of thetrinsc corrosion behavior of passivating metal and aayfaces,
which is not possible with large-scale electroclminiscanning methods for which,
consequently, the measured corrosion behavior mergdy affected by scratches,
contaminations, local defects and other heterogiesawithin the immersed area of the
surface of the specimen.

Notably, Al has a considerably higher affinity for (i.e. it has a much lower
electronegativity) than e.g. Cu and Ni. Hence, wherpassive (oxyhydr-)oxide films
(further denoted apassive films) on e.g. Cu,Zrx and NiZrx alloys are mainly
composed of Zr-(hydr-)oxide (thus resembling thedycorrosion behavior of the Zr
metal), passive films on AJZry alloys contain both Al and Zr cations [14, 15, 28].
As already mentioned above, Al possesses poor siorroresistance in chloride-
containing solutions and superior corrosion resistaof the passivated AlZrk alloy
surface in 1 M HCI can only be provided when Al afrdcations aréhomogenously
distributed in the passive film (and thus no local Al enriclmheccurs). According to
the so-called graph theory [17, 18], under the abmnstraint of a homogenous film, a
minimum (critical) Zr-cation fractionf,s™™t, is required ™t = nypox/(npgox + ngpox) =
0.16 (wherenyox andnyox denote the molar fractions of Al and Zr in thegpas film)
in order to establish anterconnected network of -Zr-O(H)-Zr- bonding bridges, which
are assumed to provide passivity of tha.&l, alloy surface due to their enhanced

chemical stability in acidic environments (as comgpato —AI-O(H)-Al bonding
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bridges) [26]. In practice, even fgf"t > 0.16, local Al-enrichments in the passive film
(i.e. by local phase separation) may exist andabeitpitting corrosion (since Al-oxide
and Al-hydroxide phases are easily dissolvablewtoH) [9].

A recent study by our group on the thermal oxidabbthe am-Ad..Zr, alloys has
reported the thermodynamically-preferred formatmfhan amorphous ternary oxide
phase with a singular homogenous composition of &t 67)O1.83 Which is stable up
to 500°C [25]. Strikingly, the amorphous state and the position of the thermally-
grown (Ab33Zroe7)0183 Solid-solution oxide phase are constant over aadro
compositional range of the am-AZry alloy (0.32< x < 0.74) [25]. This thermally-
stable, highly uniform amorphous @bZro67)O1.83 overlayer could thus provide
excellent corrosion resistance to the parent amzZ) alloy substrate over this wide
composition range (i.e. 0.32x < 0.74). Therefore, in the present study, the carros
behaviors of as-deposited and pre-oxidized amz&k alloys in 1 M HCI solution are
investigated and compared as function of the coitippsgparametex. To the best of
our knowledge, up to date, only few studies ondbeosion behavior of am-AlZrk
alloys (in chloride-containing solutions) have bemported, which show that the
corrosion resistance increases with increasingaftent in both the alloy and in the
passive (Al,Zr)-oxyhydroxide film [3, 9, 14, 15].0Mever, in these previous studies,
the effect of a controlled pre-oxidation treatmentthe intrinsic corrosion behavior was
not addressed. Moreover, all amg@ry alloys studied until now exhibit pitting
corrosion at high anodization potentials [14, MshiCh is not the case for am-Alry
alloys in the present study; see Sec. 5.3), indigahat the measurements reported in
the literature were affected by compositional andébructural inhomogeneities,
scratches, contamination and/or other local defecthe as-deposited alloy and/or its

passive oxide film.
5.2 Experimental procedures and data evaluation

5.2.1 Specimen preparation and oxidation

Amorphous Al..Zry (am-AlxZry) alloys in the form of 2 um thick coatings were
deposited by magnetron co-sputtering from pure etdal targets (Al: 99.9995 wt.%,
Zr: 98.5 wt.%) on Si(100) wafers, which were pretea with an am-SiQayer and an
am-SgN4 top layer, each 50 nm thick. Sputter depositios performed in an ultrahigh-
vacuum (UHV) sputter chamber by applying a congpanter of 100 W to the Zr target
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and different constant powers to the Al tard®} & 20, 28, 53, 101, 147 W), resulting
in the following alloy compositions: am-fdeZro 74 am-Ab 3Zro 65 am-Ab s51Zrg.49, am-
AloseZro32 am-Ab 7Zr0.25 (as analyzed by inductively coupled plasma optraission
spectroscopy (ICP-OES)). Pure Zr and Al metal layeere deposited at target powers
of 150 W and 200 W, respectively. Prior to depositithe wafer surfaces were sputter-
cleaned in-situ for 1 min by exposure to a low-geéic Ar" plasma. During deposition,
specimen rotation was applied at a rotation spéad@®w tens of cycles per minute. For
a detailed description of the deposition process,Ref. [25].

Pre-oxidation of the as-deposited am-&r, (x = 0.25, 0.32, 0.49, 0.65, 0.74)
alloys at a selected oxidation temperatdig, in the range of 350 °& Tk < 400 °C
was performed by enclosing specimen piecesxt4nf) in a quartz ampoule (filled
with pure oxygen at an oxygen pressure equivalerQ, = 1x10° Pa atT,) and
subsequently introducing them into a preheated mthd (TECHNE FB-08c). A
detailed description of the oxidation procedurgii@n in Ref. [25].

5.2.2 Microstructural analysis

X-ray diffraction (XRD) analysis was applied to éehine the phase constitution of the
as-deposited and pre-oxidized am-#r, specimens. To this end?26 scans were
recorded over a @range of 10° to 65° in parallel-beam geometry oBraker D8
Discover diffractometer equipped with a Cu X-rayode (40 kV/30 mA; Culka
radiation,A = 1.54056 A) with an X-ray lens in the primary beaath and a parallel-
plate collimator and an energy-dispersive detecttine diffracted beam path [25, 27].
The chemical constitutions of the passive oxidedayormed on the as-deposited
and pre-oxidized am-AkZr, alloys in the ambient (i.e. the native oxide) arfidhose
formed after anodization in 1 M HCI (see Sec. 5.2\&re investigated by X-ray
photoelectron spectroscopy (XPS) utilizing a Therwi@ Thetaprobe system (base
pressure < 20° Pa) applying monochromatic Al KK radiation fiv = 1486.68 eV,
analysis area¥400 um in diameter). To this end, the core-levalcta of the Al 2p
(binding energy (BE) range: 67 - 83 eV), Zr 3d (Biage: 173 - 190 eV) and O 1s (BE
range: 526 - 539 eV) photoelectron lines were @@drwith a step size of 0.1 eV at a
constant pass energy of 50 eV. The measured ceoeédpectra were first corrected for
the analyzer transmission function after which airl&ntype background was
subtracted to correct for the background of inetaly scattered electrons. Next the
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(oxidic and hydroxidit) O 1s and the (metallic and oxidic) Al 2p and zr Gemical
states were resolved by linear-least-squares p#aigfof the thus corrected spectra
using the Thermo Scientific™ Avantage™ software.aftification of the resolved
peak-area intensities was performed using the safiware (adopting the sensitivity
factors supplied by the manufacturer).

The microstructure of the oxide layer formed on fhre-oxidized am-AlZr,
alloys, as well as the corresponding oxidation-getl compositional change in the
parent alloy, were investigated by a combinatoegperimental approach, applying
XPS (see above), Auger electron spectroscopy (ABB)-resolution transmission
electron microscopy (HR-TEM) and spectroscopigoetimetry: for details of the data
acquisition and quantification procedures, the eeaslreferred to Refs. [24, 25, 29]. (In
addition to the XPS analysis (see above) correspghd detailed microstructural
analysis of the native oxide layer on am-@Ary alloys has not been performed). In
brief, composition-depth profiles of the oxide layermed on the pre-oxidized am-Al
xZIx alloys were recorded by Auger electron spectrog€8iS) sputter-depth profiling
using a JEOL JAMP 7830F Scanning Auger Microscopel.[ The microstructure,
morphology and chemical composition of the pre-ad am-Al.,Zrk alloys were
studied by cross-sectional transmission electroaraacopy (TEM) analysis using a
JEOL JEM-ARMZ200F scanning transmission electronrasicope operating at 200 kV:
see Ref. [24]. The thicknesses of the oxide lageosvn by thermal oxidization on the
am-Al;Zry coatings were determined by spectroscopic elligtom(SE) using a J. A.

Woollam M-2000 spectroscopic ellipsometer [29].

5.2.3 Microscale electrochemical measurements

Microelectrochemical measurements were carriebows-deposited and oxidized am-
Al1Zry alloys using the electrochemical microcapillarchieique [21-23, 30]. A
schematic drawing of the experimental setup andao@l used in the experiments is
shown in Figure 5.1. The microcell consists of@etad glass capillary (with a diameter
of 300 um at the very tip), which is filled withetelectrolyte (1 M HCIpH = 0). The
glass capillary has a silicon seal at the periploétye very tip to hinder leaking out of

electrolyte solution upon contacting the specimerfase. The microcell connects the

! By XPS it is possible to distinguish between Ogile and hydroxide signals [28]. The formation of a
surficial hydroxide layer/phase (see Figure 5.3)aomAl,,Zr, (before the anodization in 1 M HCI) is
very likely due to storage at ambient conditions.
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working electrode (i.e. the am-AlZrx specimen) and the Pt counter electrode. All
potentials are determined with respect to a sadrealomel electrode (SCE), which is
connected to the microcell via an electrolytic ggd For each measurement, first the
microcell was carefully positioned on the specinsmface (selecting an optically
perfect area using an optical microscope), aftéchvthe open circuit potentfa{(OCP)
was recorded for 5 minutes. Next potentiodynamianmation curves (i.e. the current
density as a function of the applied potential) evexcorded at a scan rate of 1 Vs
starting from a potential -250 mV below the recard®CP. To examine the possible
influence of surface heterogeneities on the (istdncorrosion behavior and also to test
the measurement reproducibility, a minimum of thildgerent locations were measured

on each specimen surface.

Faraday-cage

Pt-wire

electrolyte bridge

counter electrode Calomel electrode

microcapillary impedance
converter
* R

e W

— :—|
R e

potentiostat We
Ce

sample

A

A

PC - control filter

Figure 5.1: Schematic drawing of the experimental setup oftiero-electrochemical capillary
technique (R: reference electrode, W: working etelet, C: counter electrode) (redrawn from
[22]).

% The open circuit potential (OCP) is the potentibthe working electrode (i.e. the specimen in aoht
with the electrolyte) relative to that of the refiece electrode, in absence of an externally applied
potential.
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5.3 Results and Discussion

5.3.1 Microstructure of the as-deposited and pre-oxidized am-Al1.xZrx

alloys

5.3.1.1 As-deposited am-Al.xZrx alloys

A detailed experimental study of the atomic ancctetmic structure of the sputter-
deposited am-ALZrx alloys has been reported recently, showing thataim-ALZry
alloys are XRD and TEM amorphous over the stud@dpositional range from 0.25

x < 0.74: see Ref. [8] and the diffractograms in Fegbir2. The chemical composition of
the native (air-formed) oxide layer on the am-&ir, alloys (prior to exposure to the
electrolyte solution) has been studied by XPS (&ec. 5.2.2). Exemplary
reconstructions of the recorded Zr 3d, Al 2p ands @are-level spectra of the as-
deposited am-Als1Zro 49 alloy are shown in Figure 5.3a, b and c, respebtivihe XPS
determined AFY/Zr® cationic ratios in the native oxide layer for tarious (ICP-OES

determined) alloy compositions are shown in Fidude

am'Alo.26zr0.74

M am-Al, ..Zr,

) MM am'Alo.s lzr0.49

AMM% am-Al, Zr, 5,
MM aHl'Alo.7szro.25

0 20 30 40 50 60
20 1in °

Intensity / in arb. units

Figure 5.2: X-ray diffraction patterns (Ck« radiation) of the as-deposited;Zr, alloys =
0.25, 0.32, 0.49, 0.65, 0.74) (adapted from [25] extended).
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Figure 5.3: Reconstructions of th@) Zr 3d, (b) Al 2p and(c) O 1s spectra, as recorded from
the as-deposited am-AhZr, 49 alloy (as covered with a native oxide layer) bySXP
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Figure 5.4: The metallic Al/Zr ratio in the am-AlZr, alloy substrate (AF7zr™) as
determined by ICP-OES measurements and the oxidir Aatio in the native oxide layer as
determined by XPS measurements, both as functiothefatomic percentage of Zr in the
substrate as determined by ICPS-OES.

It follows that the APYZr™ ratio in the native oxide film overall decreaseshw
increasing Zr content in the am-AZr, alloy. For the Zr-rich am-AkZr, alloys, the
Al®/zr* ratio of the native oxide layer is practically etjto the Al/Zr ratio of the bulk
alloy, whereas for Al-rich am-AlZr, alloys & < 0.49) the native oxide film is enriched
in Al as compared to the bulk alloy. This enrichmehAl in the native oxide film (as
compared to the parent alloy) is attributed topheferential oxidation of Al during the
very fast (almost instantaneous) passivation of Akdch am-Al,Zr, surfaces after
their removal from the high-vacuum sputter chanamet exposure to air.
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5.3.1.2 Pre-oxidized am-Al1i.xZry alloys

As discussed in Ref. [25], thermal oxidation of #me-Al,Zry alloys, for various alloy
compositions (0.3Z x < 0.74) and oxidation temperatures in the rangeb50f3 T,y <
500 °C, results in the formation of an oxide layer ofifarm thickness, which is
composed of an amorphous oxide solid-solution pkéa#e a singular composition of
(Alo33Zros7)O1.83 further denoted as am-(@xZro.67)O1.83 Overlayer. The amorphous
state, the homogenous composition and the unifoimckness of the am-
(Alp.33Zro.67)O1.83 Overlayer is evidenced by cross-sectional TEM ymisalof the pre-
oxidized am-A$:1Zro.49 alloy (after 10 hrs of pre-oxidation at 350 °CesFigure 5.5.
EELS elemental mapping of the TEM cross-sectioneaéss a highly uniform
distribution of Al, Zr and O in the am-(&43Zr0.67)O1.83 Overlayer: see Figure 5.5c, d
and e. No phase separation in the oxide overlagerandevitrification of the parent

alloy substrate could be detected (not even asubeanometer scale): see Figure 5.5f.

Figure 5.5: (a) Cross-sectional bright-field TEM image of amyAFr, 49 OXidized at 400 °C for
10 h and(b) the corresponding selected area diffraction pat(&ADP), comprising both the
amorphous alloy and the amorphous oxide phase t@@pediameter: ~ 130 nm). EELS
elemental maps dt) Al, (d) Zr, (e) O and(f) their combined image (O + Al + Zr) pertaining to
the TEM cross-section of (a) (adapted from [25] erténded).

Composition-depth profiles of the pre-oxidized amg-AZro 65 am-Ab s51Zro 49 and
am-Aly eeZro0.32 alloys (as measured by AES) confirm the highlyfammn distribution of
Al, Zr and O also as a function of depth in the @hy33Zro67)O1.83 Overlayers, as
grown on theZr-rich am-Al,Zry alloys: see Figure 5.6a (far= 0.65) and Figure 5.6b
(for x = 0.49). The am-(Al3Zro67)O1.83 Overlayer on theAl-rich am-Al gZro 32 alloy

exhibits an Al-enrichment at its outer surface daspared to the AYZr®* cation ratio
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of 0.5 for the (A}.33Zr0.67)O1.83phase): see Figure 5.6¢ (for 0.32) and Ref. [25]. Such
Al-enrichment at the oxidized alloy surface coulifieet the passivating corrosion
behavior; see further Sec. 5.3.2.3.

100 100 100
(a)

80
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Figure 5.6: Composition-depth profiles of ti{a) am-Al 3sZto.es (b) am-Aly 51210 49 and(c) am-
Al seZro 32 alloys, all oxidized at 400 °C for 10 h, as reemtdy AES sputter-depth profiling
(adapted from [25] and extended).

5.3.2 Corrosion behavior of the am-Al1.xZry alloys

5.3.2.1 Corrosion measurement characteristics and reproducibility

The micro-electrochemical technique enables paidgptiamic measurements of the
kinetics of localized corrosion since only a snaatka of the specimen surfadexe:
300 um in diameter; see Sec. 5.2.3) is exposduktelectrolyte. The superior corrosion
behavior of am-M,Ry solid-solution alloys is generally attributed teetabsence of
surface heterogeneities, since the a4 alloys and their passive films are supposed
to be structurally and compositionally uniform. Fhimplies that a series of
potentiodynamic polarization curves, which are sgstvely measured, by the micro-
electrochemical technique, at different, small area the as-deposited or pre-oxidized
am-AlZry alloy surface, should show similanntfinsic) corrosion behaviors.
Exemplary potentiodynamic polarization curves, eésorded at different surface areas
on an as-deposited amAbZro 32 alloy and on a (at 350 °C for 10 h) pre-oxidized a

Alos1Zro 49 alloy, are presented in FiguBe7a and b, respectively. Indeed, except for
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usual variation in the open circuit potential (OCRhe measured potentiodynamic
polarization curves are almost identical for a givaloy composition and surface
condition, irrespective of the chosen measuremeat an the specimen surface.

Evidently, by comparing Figure 5.7a and Figure 5.#® as-deposited am-
AloeeZro 32 alloy is less corrosion resistant (i.e. it extskatmuch higher current density
in the passive regime) than the pre-oxidized ags&ko49 alloy (for detailed
discussion, see Sec. 5.3.2.3).

Since, for a given alloy composition and surfacaditon, the potentiodynamic
measurements by the micro-capillary technique vadémays highly reproducible, only
representative (instead of all repetitive) measer@s) for each alloy composition and

surface condition will be displayed in the followisections.

microcell =300 pm (a) microcell =300 pm (b)
1 M HCI 1 M HCI

2
2

100

Current density in pA/cm
Current density in pA/cm

—1000 =500 0 500 1000 —1000 =500 0 500 1000
Potential in mV (SCE) Potential in mV (SCE)

Figure 5.7: Potentiodynamic polarization curves (@) the as-deposited am-kZro 3, alloy
and (b) the oxidized am-AlsiZrq49 alloy (oxidized for 10 h at 350 °C), as measurgdthe

micro-capillary technique (in a 1 M HCI electrolygelution).

% In particular for passive metals and alloys, theero circuit potential is variable, because of the
extremely low anodic reaction rates, which makes dpen circuit potential very susceptible to tiny
variations in the cathodic reactivity by e.g. locaincentration gradients of e.g. dissolved oxyged a
chloride ions in the electrolyte solution, surfacentamination, temperature variation, etc [31]. As
observed in Figure 5.7, such shifts of the opecudipotential are not accompanied with changehef t
overall shape of the potentiodynamic polarizatiarves.
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5.3.2.2 Corrosion behavior of the as-deposited am-Al1.xZrx alloy

The corrosion behavior of as-deposited ams&f, alloys (i.e. with an air-formed
native oxide film on its surface, further denotechative oxide film) as function of the
alloy composition (i.ex = 0.26, 0.35, 0.51, 0.68, 0.75) was investigatgdhle micro-
electrochemical technique (see Sec. 5.2.3). As phlaanthe potentiodynamic
polarization curves recorded from the as-deposi®dAl,Zry (X = 0.74, 0.49, 0.25)
alloys in 1 M HCI pH = 0) are shown in Figure 5.8a. The potentiodymrapailarization
curves of the sputter-deposited (pure, polycryisi&ll Al and Zr references have also
been plotted in this figure for comparison.

The potentiodynamic polarization curves, as reabrde all investigated alloys,
all exhibit an increase of the current density €dity above OCP) with increasing
potential upon anodization in 1 M HGIH = 0). Al oxide is only stable in thgH range
from 4 to 9 and dissolves easily in hydrochlorididaevith pH = 0 [32-35].
Consequently, a break-down of the native Al oxilgel on pure, crystalline Al in 1 M
HCI (at pH = 0) is expected. Indeed, the sputter-depositg@,pcrystalline Al layer
(covered with a native amorphous Al oxide layertwat thickness of few nm; cf. Ref.
[36]) exhibits an initial, fast increase of the mnt density (> OCP), rapidly followed
by a total break-down (i.e. steep rise of the aurensity out of the measurement
scald) of the protective character of the native Al-axithyer. A passive corrosion
behavior, as characterized by small to very smatlent densities (below YqQA/cnf)
in the anodic region at, say, 200 mV above the Gf&B, in with increasing Zr alloying
content of the am-AkZr, alloys and is most pronounced for pure crystalimgsee
Figure 5.8a).

The enhancement of the corrosion resistance of atimeAl;Zrx alloy with
increasing Zr alloying content has been illustrabgdplotting the measured current
density at an applied potential of +200 mV above@CP as function of the Zr alloying
content in Figure 5.8b. A distinct decrease ofdhedic current density with increasing
alloying Zr content, which is concomitant with arcieasing Zr content in the native
oxide layer (see Sec. 5.3.1.1 and Figure 5.4)hsewed: from 1.810° pAlcnt for pure
crystalline Al to 9.%10" pA/cn? for am-AbsiZro4s (@and to 2.%¥102 pAlent for pure

crystalline Zr). It is concluded that the formatioha protective passive film on the am-

“ In the applied measurement setup, the upper liinthe current density was set to?30A/cnt. In
reality, even higher current densities are expefdedl metal in 1 M HCI solution.
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Al1,Zry alloy surfaces in 1 M HCI requires a minimum (cat) Zr alloying content ok
> 0.49 (based on a criteria of a passive currensider 10 pA/enf in the anodic
region 200 mV above the OCP; see Figure 5.8b).

For the am-Ad.Zr, alloys withx > 0.49, the respective passive current density at
an applied potential of about 500 mV (vs. SCE)iasta somewhat higher, but nearly
constant, current density of about1®"* uA/cnf, independent of the alloy composition.
The value of this constant passive current demsisymilar to that of stainless steel [22]
and also comparable to the measured current deafditye sputter-deposited Zr metal at

a potential of 1000 mV: see Figure 5.8a.
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Figure 5.8: (a) Potentiodynamic polarization curves of the sptdgposited pure, crystalline
Al, the am-Al,Zr, alloys & = 0.25, 0.49, 0.74) and the sputter-deposited, pestalline Zr
layer, as measured by the micro-electrochemicéinigae (in a 1 M HCI electrolyte solution).
(b) The measured current density (mean value as asdclfrom all recorded potentiodynamic
polarization curves) of the am-Alr, alloys at +200 mV above the open circuit potential
(OCP) as function of the Zr content.

The improved corrosion resistance of the amz&ty alloys with increasing Zr
content in the parent alloy and its native oxidm fsuggests the formation of a, with
increasing Zr alloying content, more and more ‘passamorphous (Al,Zr)-(oxyhydr-
Joxide film by anodization in 1 M HCI. The nativeide layers on the am-AlZr,
alloys contain an increasing amount of Zr cationth wicreasing Zr alloying content
(see Section 5.3.1.1 and Figure 5.4). It is theeefery likely that the composition of
the ‘passive’ amorphous (Al,Zr)-(oxyhydr-)oxidenfis formed upon anodization in 1 M

HCI also exhibit a Zr content increasing with iresegg Zr content of the substrate.

124



The effect of pre-oxidation treatment on the camodehavior of am-(Al,Zr)

Indeed, as indicated by XPS analysis in this stukg, AP/Zr™ ratio in the passive
(Zr,Al)-(oxyhydr-)oxide layer formed on the as-dsfied Zr-rich am-Ad.Zr, alloys
during anodization in 1 M HCl is similar to the At/ratio of the respective parent alloy
substrate (in accordance with Ref. [14]). For exi@npor the as-deposited am-
Al 5171049 alloy, the native oxide film has an overalPAZr®* ratio of 1.34 (Figure 5.4),
which decreased to an AZr™ ratio of 0.97 after anodization to 500 mV (i.er fhe
as-deposited am-AbiZro49 alloy, the Zr content in the passive film formeg b
anodization is even increased with respect toats/e oxide film).

Improved corrosion resistance of amefry alloys with increasing Zr content in
both the alloy and its passive film (as formed hgdization) is in accordance with Ref.
[14], where macro-electrochemical measurements of sputter-deposited Al-Zr alloys,
pure, crystalline Al and pure, crystalline Zr inM HCI| showed a decrease of the
passive current density with increasing Zr alloyicontent [14]. Additionally, very
likely due to the macro-electrochemical measurensetdup, the occurrence of pitting
corrosion above a certain critical pitting potelhwas observed for the sputter-deposited
Al-Zr alloys and pure, crystalline Al and Zr aftekceeding a critical potential [14].
This finding strongly contrasts with the resultsloé present corrosion study of sputter-
deposited am-AlZr, alloys by themicro-electrochemical technique which only reveals
systematic pitting corrosion for the Al-richest @h-Zr« alloy (x = 0.26). Supposing
that the matrix oxide films in the previous studi4] were of the same quality
(homogeneity) as in the present work, it can beckmed that macro-scale
electrochemical measurements as performed in Réf.dre indeed (cf. Section 5.1)
much more susceptible to microstructural heterogjeseat the specimen surface, such
as scratches and surface contamination, which eamavibided by the selection of
appropriate locations on the surface upon applthegmicro-electrochemical technique

as in the present work.

5.3.2.3 Corrosion behavior of the pre-oxidized am-Al1.xZrx alloy

To study the effect of theomposition of the thermally-grown oxide layer (without the
influence of a possibly interfering oxide-layer dkmess effect), the pre-oxidation
conditions for the am-AlLZry alloys were chosen such that comparable oxide-laye
thicknesses are obtained for the different allognpositions: e.g. 16.0 nm for the pre-
oxidized am-AbgZro 32 alloy (oxidized at 400 °C for 10 h), 19.3 nm faepxidized
am-Aly 51210 49 alloy (oxidized at 400 °C for 53 minutes) and 1h@ for the pre-
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oxidized am-A} 3Zro 65 alloy (oxidized at 400 °C for 32 minutes). Potedtinamic
polarization curves of such pre-oxidized am-&lr, alloys are presented in Figure 5.9.
The pre-oxidized am-AkZry alloys show superior corrosion behavior as contghame
the as-deposited am-AlZr alloys (compare Figure 5.8a and Figure 5.9). Tasspe
current density on the pre-oxidized am-Ar, alloys is of the order TbpA/cn? or
below upon anodization up to 1000 mV. This is digantly lower than the already
very low passive current density of the ordet g@/cnt (at 500 mV vs. SCE) attained
for the as-deposited Zr-rich am-AFZr, alloys (see Figure 5.8a and Sec. 5.3.2.1).

10 - -
microcell =300 pm
1o | 'MHCI
g
L
E
£ 10° :
2 O e
2
5 0l o N T -
5
5 . (1 ———am—Al 0 35Zr0.65
10 't _
o @ am Al0.51zro.49
3) 'clm—Al(ngrO.32
10° : : . :
—1000 -500 0 500 1000

Potential in mV (SCE)

Figure 5.9: Potentiodynamic polarization curves of the predmed am-AfssZroes (pre-
oxidized at 400 °C for 32 minutes, oxide layer khiess 17.2 nm), am-/d.Zrq 40 (pre-oxidized
at 400 °C for 53 minutes, oxide layer thickness31®m) and am-AlseZro 3> (pre-oxidized at
400 °C for 10 h, oxide layer thickness 16.0 nm)ya|

The potentiodynamic polarization curve of the Adhri am-AbgeZros, alloy
reveals a higher passive current densityl(® pA/cn? at 1000 mV vs. SCE) by
anodization than the pre-oxidized amyAZro4e and am-AdssZroes alloys (1.5107
nA/cn? and 1.410% pA/ent (at 1000 mV vs. SCE), respectively). Since anatfte
the oxide layer thickness on the passive currensitiecan be neglected (see above),
the observed difference in the passive currentiters very likely due to different
compositions in the surface regions of the theryagdbwn amorphous oxide layers.
The pre-oxidized am-BkiZro49 and am-Ad 3Zro 65 alloys show an Al/Zr® ratio of

about 0.8 and 0.6, respectively, in their surfioalde layer (depth < 3 nm) with an
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oxidic Al concentration of about 13-14 at.% (Fig&.éa and b). In contrast, a twice as
high concentration of oxidic Al of roughly 22 at\#th respect to the oxidic Zr content
(AI”/Zr°" ratio ~ 2), has been detected in the surface mefdepth < 3 nm) of the
amorphous oxide layer on the pre-oxidized Al-rich-AlgggZro.32 alloy (Figure 5.6c).
The observed ‘higher’ passive current density @ pre-oxidized am-AkgZro 32 alloy

is thus attributed to the relatively high oxidic ébntent (in the surface region) of the
16-nm-thick thermally-grown oxide layer, in accanda with the observed dependence
on Zr content of the corrosion behavior of the epasited am-ALZry alloys (see
Section 5.3.2.2).

The effect of the amorphousxide-layer thickness has been investigated by
varying the oxidation time. Potentiodynamic polatian curves were recorded on the
am-Aly 51Zr0.49 alloy, as pre-oxidized at 350 °C for different @aiion times (60, 150,
300, 450 and 600 minutes): see Figure 5.10a afithér.potentiodynamic polarization
curve for the as-deposited amgAdZro 49 alloy has been included in Figure 5.10a for
comparisonThe thickness of the am-(#dsZro.67)O1.83 Overlayer (grown at 358C) and
the corresponding passive current density, as eedeat an applied potential in the
range of 990 mV — 1000 mV, is shown as a functibtihe pre-oxidation time in Figure
5.10b. This indicates a higher stability of theckier (and possibly more uniform)
amorphous oxide layers, formed by thermal oxidaboram-A}p s:Zro 49 The measured
passive current density for the as-deposited ags:8ly .49 alloy, as initially covered
with a thin native oxide layer, is aboutI®" pA/cnt, as taken from the plateau of the
current density at about 500 mV (vs. SCE, see Ei§u8b). Upon controlled formation
of a 12.2 nm-thick amorphous oxide layer on theAlgx1Zro 49 alloy by pre-oxidation
at 350 °C for 60 minutes, the passive current dgmgcreases considerably to about
3.5x102 pAlent (at 1000 mV (vs. SCE)): see Figure 5.10b. Withréasing oxidation
time up to 150 minutes and accompanied growth efotkide layer thickness, a further
decrease in the current density, i.e. a betteilos@n resistance, is detected. However,
as observed in Figure 5.10b, the passive curremitye(at 1000 mV (vs. SCE)) does
not decrease any further for oxidation times excepd50 minutes, although the oxide
layer still thickens. This implies that, up to ackmess of about 15 nm, the amorphous
oxide-layer thickness has a distinct (indirect; detow) influence on the corrosion

behavior.
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Figure 5.10: (a) Potentiodynamic polarization curves of pre-oxidizem-Abs:iZro49 alloy
surfaces, as prepared by pre-oxidation treatmer85GC for different times (i.e. 1 h, 5 h and
10 h). The potentiodynamic polarization curve fug tis-deposited am-AhZro 49 iS also shown
for comparison.(b) The thickness of the thermally-grown am-{§¥r,s7)O183 Overlayer
(grown at 350C) and the (averaged) corresponding current derimtyond OCP in the passive
region at an applied potential in the range of @®@ — 1000 mV, as function of the pre-

oxidation time.

Although the thermally-grown amorphous oxide on #ma-Al,Zrx alloy is
already very homogenous ‘by definition’ (e.g. naigrboundaries, no dislocations and
no second phases etc.), its corrosion resistangebmancreased by removing residual
growth defects (e.g. compositional fluctuations, v@cancy-like defects) in the
thermally-grown oxide layer by tempering at eledatemperatures [37]. This effect
may explain the decrease in the passive -currentsityenwith increasing
oxidation/tempering time up to 150 minutes (seeuféd.10b). For oxidation/tempering
times beyond 150 minutes at 350 °C a stable deosityefects’ in the (surface region
of the) still growing amorphous oxide layer appdarbave been attained.

Finally, it is remarked that the application of stgaturated am-MRy alloys and
metallic glasses in corrosive environments is oftbstructed by their limited thermal
stability [38]; long-term operation at elevated pmratures may lead to partial
devitrification (inducing local compositional flu@tions and nucleation of nano-
crystalline precipitates), thereby deterioratingititorrosion resistance. In this regard, it
iIs emphasized that the thermal stability of thedigtl am-Al.Zrx alloys (in air) is
highest for am-Ads1Zro.49 (670 °C): e.g. the Al-rich am-AlZr alloys are stable up to

300 °C (forx = 0.25) and the Zr-rich am-AlZry alloys preserve their amorphous state
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up to 410 °C (fox = 0.74) [8]. The thermally-grown am-(#dsZro.67)O1.83 Overlayers,
on the other hand, are stable (in air) up to 8D(24], which could allow application of

the pre-oxidized am-ALZry alloy coatings at temperatures up to 300

5.4 Conclusions

The local corrosion behavior of as-deposited and-gmidized am-Al,Zry solid-
solution alloys in a 1 M HCI electrolyte solutiopH = 0) was investigated by the
electrochemical micro-capillary technique. A verygh reproducibility of the
potentiodynamic polarization measurements on théepssited and pre-oxidized am-
Al1,Zry alloy surfaces was observed (without any signhefonset of pitting corrosion
at high applied potential), indicating that thedeposited and thermally-oxidized am-
Al1Zry alloy substrates are structurally and compositlgraghly uniform.

For the as-depositedam-Al,Zry alloys & = 0.25, 0.32, 0.49, 0.65, 0.74), as
initially covered with a very thin native oxiderfil the formation of @rotective passive
film in 1 M HCI requires a minimum (critical) Zrlalying content ok = 0.49 (based on
the criterion of a passive current density € i@/cnf at an applied potential ~ 200 mV
above OCP). Fax < 0.49, anodization in 1 M HCI rapidly resultsarotal break-down
of the protective character of the native Al-rickide layer. A passive corrosion
behavior, as characterized by current densitieewbdld® pA/cn? (at 200 mV above
OCP), sets in with increasing Zr alloying contemd @ best for pure crystalline Zr. The
passive film formed on the Zr-rich am-AZry alloys have an Al/Zr® ratio similar to
that of the parent alloy substrate. Boe 0.49, the passive current density attains a
nearly constant value ox20' pA/cnt at an applied potential of 500 mV, independent
of the alloy composition, which is similar to thatstainless steel and sputter-deposited
pure, crystalline Zr.

The pre-oxidized am-AlxZrx alloys exhibit superior corrosion behavior in 1 M
HCl as compared to the as-deposited (i.e. untreadedAlL.Zrx alloys. The pre-
oxidized am-AlZr, alloys exhibit passive current densities as lov8.&s10% pAlcnt
upon anodization up to 1000 mV (without any sighshe onset of pitting corrosion).
The passive current density becomes independaheam-(Ab.33Zro.67)O1.83 Overlayer
thickness for sufficiently long oxidation times okidation, which is ascribed to the
establishment of a minimal residual growth defeéaicture in (the surface region of)

the oxide film.
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The chemical stability and excellent barrier projesrof the thermally-grown am-
(Alp.33Zro.67)O1.83 0verlayer are thus attributed ) & relatively high nominal Zr content
in the surface region of the surficial oxide laydn) chemical and structural
homogeneity of the am-(&t3Zro.67)O1.83 Overlayer, as well agi() a stable, minimal
residual growth defect structure (in the surfacgia®) established by a sufficiently
large time of oxidation (i.e. for times larger thEB0 minutes at 350 °C).
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Chapter 6

Summary

Many properties of a material are directly relatedthe surficial oxide film, which
inevitably forms in contact with an oxidizing gassar liquid environment. Hence the
material properties can be controlled by tailorihg oxidation conditions (temperature,
time, oxygen pressure), which requires fundameuntalerstanding of the oxidation
process. The oxidation behavior, and specificdlly microstructural evolution of the
growing oxide film, can be influenced directly byloging. However, crystalline
metallic alloys usually can only form solid solut® in (sometimes very) narrow
composition ranges and thus the possibilities itortahe oxidation behavior and
thereby the oxide properties by selective variatbronly the alloy composition (i.e.
without subsequent variation of the alloy microstaue) are generally severely limited
for crystalline alloysAmorphous alloys (or metallic glasses), on the other hawadh, loe
prepared as (supersaturated) solid solutions oeey wide composition ranges for
many alloy systems. Until now, the oxidation belbawf amorphous metallic materials
has received much less attention than the oxiddimmavior of crystalline materials
and, consequently, a thorough understanding of dRa&lation mechanisms of
amorphous alloys is lacking.

The present thesis presents a comprehensive igatsti of the thermal oxidation
of amorphous Alr;x (am-AkZriy) alloys (0.26< x < 0.68). The oxide composition
and microstructure, as well as the oxidation kogefind oxidation mechanism of am-
Al Zr14 alloys upon thermal oxidation at relatively lowidation temperatures of 350 —
400 °C (see Chapter 2 and 3, respectively) andgat dxidation temperatures of 500 —
560 °C (see Chapter 4) have been investigated hiboend, 2-pum thick am-4r; .«
coatings (0.26 x < 0.68), as prepared by magnetron-cosputtering amd&iGQ/50 nm
SisN4/Si wafers, were oxidized in a temperature rang€ f350 °C — 560 °C gip,; =
10° Pa for up to 10 h. The phase and microstructueseldpment upon oxidation of
am-AlZr, alloys, as well as the oxidation-induced changebe alloy substrate, were
investigated by a combinatorial experimental apghoasing X-ray diffraction (XRD),
cross-sectional (analytical) transmission electnoicroscopy (TEM), Auger electron

spectroscopy (AES) sputter-depth profiling and spscopic ellipsometry (SE).
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Finally, the corrosion behavior of as-deposited axidation-treated am-A£r,« alloys
have been investigated as function of the alloy mmsition and oxidation conditions
(Chapter 5).

An amorphous (Al,Zr)-oxide layer of homogenous cosifpon and uniform
thickness develops on the amg&i« alloys during oxidatiorof am-AkZr,« alloys
(0.26< x < 0.68) at 350 °C — 400 °CChapter 2). The occurrence of an amorphous
state (rather than a bulk-preferred crystallinéetaould be attributed to the relatively
high nucleation barriers for the crystalline oxipleases(s), as arising from interface
energetics, kinetic obstructions of diffusionalngport and structural rearrangements in
the oxidizing alloy as required for the developmehtrystalline compounds (as ZrO
and ALOs3). Surprisingly, the grown amorphous (Al,Zr)-oxideyers have a single
homogenous composition (@Zros7)O183 independent of the parent alloy
composition and the applied oxidation temperatgee (Figure 6.1a). The practically
singular composition of the amorphous oxide ph@8le,s3Zro67)01.83 can be explained
on a fully thermodynamic basis: Conceiving the grhous ternary oxide phase as a
liquid oxide-oxide solution phase, which is supeted to low (oxidation)
temperatures, the equilibrium of the amorphousdsaiution phase and the amorphous
oxide phase is realized for a wide range of comjoosiof the solid solution and
amorphous oxide phase, (Abro67)01.83 With practically constant composition of the
oxide phase as a consequence of the deep minimuhe dbibbs energy of formation

Ggam(Alhznexide - gocyrring at @ composition  of

for the am-(Al,Zr)-oxide phaseA
(AlO1.5)0.39dZr0O2)067. A three-dimensional representation of the Gibhsrgy surfaces

AGEMAZIOl gng AGE™ALZN-0xide g the concurring amorphous Al-Zr alloy phasel an
amorphous oxide phase, respectively, has beenrootext schematically; see Figure
6.1b. Thus the role of thermodynamics in contrgllithe developing oxide phase
composition, even for the growth afnorphous oxides occurring under conditions (far)

away from genuine thermodynamic equilibrium forkphases has been evidenced.
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Figure 6.1 a) The APYZr*™ ratio in the grown amorphous oxide (unfilled cé%) and the
AlI™Zr™ ratio in the original am-AZr,, substrate (crosses) upon thermal oxidation of am-
Al Zr, alloys of different (initial) compositions at themperatures indicateth) Schematic
ternary phase diagram of Al, Zr and O pertainingateemperature in the range of 350 °C —
400 °C.

The oxidation kinetics of the am-&lr; alloys (0.26< x < 0.68) Chapter 3), as
determined by SE, were found to accelerate proremlgavith increasing Zr content in
the am-AlZr,x alloy, which is due toi) the increase of the solubility of O in the alloy
with increasing Zr content and)(the increase of the mobility of Al in the (O-dibged
region of the) am-Afri alloy with increasing Zr content. Parabolic oxide: growth
kinetics occurs for Al-rich am-AZri alloys &> 0.51) (cf. Figure 6.2), whereas linear
oxide-film growth kinetics prevails for Zr-rich amhZri4 alloys & < 0.35). The am-
AlosZroes alloy takes an intermediate position. The parabalkide-film growth
kinetics of the am-Als:iZro.49 (Al/Zr ratio = 1.0) and am-AlseZro.s2 (Al/Zr ratio = 2.1)
alloy substrates (with an Al/Zr ratio much highlean the thermodynamically-preferred
Al®/Zr* ratio of 0.5) implies a diffusion-controlled oxiggowth behavior. The oxide-
film growth rate can be governed by the rate ofgexydiffusion through the growing
oxide layer and/or by the backward diffusion of #m the reacting oxide/alloy
interface towards the interior of the alloy (asomsequence of the exclusive formation

of the thermodynamically-preferred am-(Al§b33ZrOz)067 phase). For high Zr
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contents of the am-/2Zr, alloy, the diffusion processes in oxide film andstrate
have become that fast that the oxide-film growtte rs governed by the reactive
formation of the thermodynamically preferred am@fb)o 34Zr0O,)o.67 Oxide phase at

the oxide layer/substrate interface: linear oxidte-growth kinetics occurs.
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Figure 6.2: (a) Oxide-film thickness of am-AkiZry49 as function of the oxidation time in a
temperature range of 350 °C to 400 {6) Cross-sectional bright-field TEM image of am-
Al 51210 49 OXidized at 400 °C for 10 h.

Upon prolonged oxidation of amorphousy AZro 56 alloys at 500 °C and 560 °C
atpoz = 1x10° Pa, a three-stage oxidation mechanism is discl@@kdpter 4). During
early stages of oxidation of amorphousg AZrg 56 alloys upon exposure to pure(@) at
500 °C (up to 5 h) and 560 °C (up to 45 minute® fbrmation of an amorphous
(Zr,Al-oxide layer of homogeneous composition amdiform thickness has been
observed, while the underlying alloy preservesaitsorphous state (Stage 1). The
amorphous (Zr,Al)-oxide layers are enriched in Athwespect to the alloy substrate
and have the same composition, practically indepenaf the oxidation time and
temperature, which complies with a distinct (localinimum in the Gibbs energy of
mixing for the liquid oxide-oxide solution phasd. (€hapter 2). An Al-enrichment in
the alloy adjacent to the alloy/am-(Zr,Al)-oxidedrface occurs upon oxidation ht=
560 °C for oxidation times up to 45 minutes, asucetl by the preferential oxidation of
Zr from the am-Ad 14Zro 56 alloy. A concurrent expulsion of O from the regiohAl
enrichment to larger depths occurs as a consequdrecelecreased O solubility in the

Al-enriched solid solution.
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Upon prolonged oxidation of amorphousofAfrose alloys at 560 °Ct(> 45
minutes), a crystalline tetragonal Zr(®ZrO,) phase nucleates, while the alloy remains
amorphous (Stage I1). The nucleation and growthZO, at 560 °C occurs exclusively
close to the interface between the initially formeedorphous (Zr,Al)-oxide layer and
the alloy, immediately underneath the region okAtichment in the substrate, triggered
by oxidation-induced compositional changes in thaydelow the reacting alloy/oxide
interface and a favorable energy of the interfaeevbent-ZrO, crystallites and the
amorphous alloy matrix.

Growth of thet-ZrO, crystallites (by selective incorporation of O afrdfrom the
supersaturated solid solution) is associated wighexpulsion (segregation) of Al into
the region surrounding the growitgrO, particles (Stage 1ll). As a result, the growing
t-ZrO, crystallites become embedded in an Al-enrichmedrix, poor in Zr and O, which
impedes their further growth. Protrusions from theface of the-ZrO, crystallites
preferentially grow towards oxygen-richer regionghe matrix and, consequently, the
growth front becomes unstable and a dendrite mdoglgalevelops, governed by local
fluctuations in the dissolved O concentration. Trewing t-ZrO, oxide crystallites
eventually laterally coalesce to form a continudayger constituted of branches of
dendrite-shapedtZrO, phase crystallites surrounded by an Al-rich amoyshAl-Zr
alloy matrix, beneath the amorphous (Al,Zr)-oxidgdr (Figure 6.3).

Surface

Amorphous oxide

v I
2" ﬁ-”:,‘ .

0.5 um Amorphous alloy

Figure 6.3: Dark-field TEM image of a cross-section of the amg-4Zr ss Specimen oxidized at
560 °C o, = 1x10° Pa) for 180 minutes.

Investigations of the corrosion resistance of watge and pre-oxidized am-AEry
alloys k = 0.25, 0.32, 0.49, 0.65, 0.74) by the electrodhahmicro-capillary technique
evidence an excellent corrosion resistance of treogidized am-AlZrx alloys

(Chapter 5). For the as-deposited am14Zry alloys, as initially covered with a very
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thin native oxide film, the formation of @ otective passive film in 1 M HCI requires a
minimum (critical) Zr alloying content ot = 0.49. Forx < 0.49, anodization in 1 M
HCI rapidly results in a total break-down of thetective character of the native Al-
rich oxide layer. A passive corrosion behavior,characterized by current densities
below 18 puA/cnt (at 200 mV above the open circuit potential (OCB}ts in with
increasing Zr alloying content and is best for pargstalline Zr. The passive film
formed on the Zr-rich am-AlZr, alloys have an Al/zZr® ratio similar to that of the
parent alloy substrate. Fr= 0.49, the passive current density attains a neangtant
value of X10' pA/cnt at an applied potential of 500 mV, independenthef alloy
composition, which is similar to that of stainlesteel and sputter-deposited pure,
crystalline Zr.

The pre-oxidized am-AkZr, alloys exhibit superior corrosion behavior in 1 M
HCl as compared to the as-deposited (i.e. untreaedAl,.Zr alloys (see Figure
6.4a). The pre-oxidized am-AlZrk alloys exhibit passive current densities as low as
3.5x102 pAlcnt upon anodization up to 1000 mV (without any sigfighe onset of
pitting corrosion). The passive current density dmes independent of the am-
(Alo.33Zr0.67)0O1.83 Overlayer thickness for sufficiently long times a{idation, which is
ascribed to the establishment of a minimal residygralwth defect structure in (the
surface region of) the oxide film (see Figure 6.4b)

The chemical stability and excellent barrier projgsrof the thermally-grown am-
(Alo.33Zr0.67)O1.83 Overlayer are thus attributed i) & relatively high nominal Zr content
in the surface region of the surficial oxide laydn) chemical and structural
homogeneity of the am-(AbsZro67)O1.83 overlayer, as well agii) a stable, minimal
residual growth defect structure (in the surfacgia®) established by a sufficiently
large time of oxidation (i.e. for times larger thA80 minutes at 350 °C). Controlled
pre-oxidation treatments of sputter-deposited ammaup AlZrix coatings may thus
offer a promising route for the development of avrgeneration of corrosion-resistant

amorphous-alloy-based coating systems.
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Figure 6.4: (a) Potentiodynamic polarization curves of pre-oxidizam-AbsiZro49 alloy
surfaces, as prepared by pre-oxidation treatmer85G°C for different times (i.e. 1 h, 5 h and
10 h). The potentiodynamic polarization curve fug tis-deposited am-AhZro 49 iS also shown
for comparison.(b) The thickness of the thermally-grown am-{§¥r,s7)O183 Overlayer
(grown at 350C) and the (averaged) corresponding current deristyond OCP in the passive
region at an applied potential in the range of @®@ — 1000 mV, as function of the pre-

oxidation time.

139






Chapter 7

Zusammenfassung

Viele Eigenschaften eines Materials werden direst der Oxidschicht, welche sich
unvermeidlich bei Kontakt mit einer oxidierenden sfgamigen oder flissigen
Umgebung an der Oberflache bildet, beeinflusst. glidl kdnnen diese
Materialeigenschaften durch kontrollierte Oxidasbedingungen (Temperatur, Zeit,
Sauerstoffdruck) gesteuert werden. Dies erfor@ggldgh ein grundlegendes Verstandnis
der ablaufenden Oxidationsprozesse. Das Oxidateshalten und insbesondere die
Entwicklung der Mikrostruktur des wachsenden Oxidé kénnen direkt durch
Legieren beeinflusst werden. Allerdings ist Kirstalline metallische Legierungen die
Bildung von Festkdrperlosungen in der Regel auf nghanal sehr) enge
Zusammensetzungsbereiche  begrenzt; somit ist die glidhé#eit das
Oxidationsverhalten und dadurch auch die Mategaleschaften lediglich durch eine
Variation der Legierungszusammensetzung (das helste eine einhergehende
Variation der Mikrostruktur der Legierung) fur kiadline Legierungen zu beeinflussen
stark eingeschrankimorphe Legierungen oder metallische Glaser kdnnen filkevie
Legierungssysteme in sehr weiten Zusammensetzumjsihen gebildet werden.
Bislang wurde dem Oxidationsverhalten von amorpketallen im Vergleich zu dem
Oxidationsverhalten von kristallinen Metallen weniufmerksamkeit gewidmet.
Folglich fehlt ein grundlegendes Verstandnis desid@ionsmechanismus von
amorphen Legierungen.

Die vorliegende Doktorarbeit stellt eine umfassendmtersuchung der
thermischen Oxidation von amorphenh, (am-AkZr;,) Legierungen (0.26 x <
0.68) dar. Es wurden Zusammensetzung und Mikrostrulder auftretenden
Oxidphase(n), sowie Oxidationskinetik und Oxidasimechanismus von am-&kr;
Legierungen, bei relativ niedrigen Oxidationstenapren von 350 — 400 °C (siehe
Kapitel 2 bzw. 3) und bei hohen Oxidationstempestuvon 500 — 560 °C (siehe
Kapitel 4), untersucht. Zu diesem Zweck wurden 2 gioke am-AlZr;x Schichten
(0.26< x < 0.68), welche mittels Magnetron-Sputtern auf 50 $i9,/50 nm SiN,/Si
Wafer hergestellt wurden, in einem Temperaturbérean 350 °C bis 560 °C und unter

einem Druck vonpo, = 10 Pa firr bis zu 10 Stunden oxidiert. Die Phasen- und
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Gefugeentwicklung von oxidierten ams&h.x Legierungen, sowie die
oxidationsinduzierten Veranderungen in der Legigrumurden mittels Kombination
von Réntgenbeugung (XRD), analytischer Transmisstaktronenmikroskopie (TEM)
an Querschnittsproben, Augerelektronenspektroskq@gS) zur Erstellung von
Konzentrationstiefenprofilen und spektroskopischdlipsometrie (SE) untersucht.
Abschlie3end wurde das Korrosionsverhalten von agArf« Legierungen direkt nach
der Herstellung sowie nach Oxidation als Funkti@m Hegierungszusammensetzung
und der Oxidationsbedingungen untersucht (Kapitel 5

Bei der Oxidation von am-&Lr;« Legierungen (0.26& x < 0.68) bei 350 °C —
400 °C (Kapitel 2) entwickelt sich eine amorphe (Al,Zr)-Oxidschichit tnomogener
Zusammensetzung und gleichmaRiger Dicke auf derAladrx Legierungen. Das
Auftreten einer amorphen Phase (anstelle der thaynamisch-bevorzugten
kristallinen Phase) lasst sich durch eine relatbhén Keimbildungsbarriere fur die
kristallinen Oxidphase(n) erklaren, welche aufBrergieerhéhung bei Ausbildung von
Grenzflachen, auf die Behinderung von Diffusions$@orten und von strukturellen
Anderungen, nétig zur Bildung kristalliner Oxidvaxungen (Zr@ and AbOs),
zuriickgefuhrt wird. Uberraschenderweise zeigeneditstandenen amorphen (Al,Zr)-
Oxidschichten eine einheitliche homogene Zusamntemsg (Ab.33Zr0.67)01.33
unabhangig von der Zusammensetzung des Ausgang®isateund der
Oxidationstemperatur  (siehe Abbildung7.1a). Die praktisch einheitliche
Zusammensetzung der unterschiedlichen amorphensChihten, (Ad 3320670183
kann auf Grundlage der Thermodynamik des Systerkarewerden: Die amorphe
ternare Oxidphase lasst sich mit einer flissigerd@xid-Lésungsphase beschreiben,
welche sich bei den niedrigen (Oxidations-)Tempeeat in einem unterkihlten
Zustand befindet. Bei Bildung dieser Oxidphase wétirder Oxidation der amorphen
Legierung stellt sich Uber einen weiten Zusammensgsbereich der amorphen
Legierung ein thermodynamisches Gleichgewicht zZwasc der amorphen
Festkorperlosung und der amorphen Oxidphase einydlehem letztere eine praktisch
konstante Zusammensetzung aufweist als Konsequems déiefen Minimums der
Gibbs-Energie der amorphen (Al ,Zr)-Oxid-Phas@G3™*#0-0xide  hai  ajner
Zusammensetzung von (Al@o3dZrOz)o67. Dieser Sachverhalt wurde mittels
schematischer dreidimensionaler  Gibbs-Energie-Eldch fir die  amorphe
FestkorperlosungAGA™ 101 und  die amorphe (Al,Zr)-OxidphasaG3m A2n-oxide

veranschaulicht (Abbildung 7.1b). Dadurch konnteEiefluss der Thermodynamik auf
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Zusammenfassung

die Zusammensetzung der sich entwickelten Oxidphakgezeigt werden, auch fur das

Wachstum einer metastabileamorphen Oxidphase unter Bedingungen weit entfernt

vom eigentlichen thermodynamischen GleichgewicktSigstems.
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Abbildung 7.1: a) Das AP/Zr**-Verhaltnis in der entstandenen amorphen Oxidplisssise)
und das AT®/Zr™-Verhaltnis in der urspringlichen ams&t,.-Legierung (Kreuze) nach der
am-&r, verschiedenster

jeweils abgrge Oxidationstemperaturen.

thermischen Oxidation von Legierungen

(Ausgangs-)Zusammensetzungen bei den

b) Schematisches ternares Phasendiagramm von AhdZOuim Temperaturbereich von 350 —

400 °C.

Die mittels spektroskopischer Ellipsometrie bestimm@xidationskinetik von am-
AlZr«-Legierungen (0.265 x < 0.68) (Kapitel 3) zeigt eine Beschleunigung mit
steigendem Zr-Gehalt in der amz&t; x Legierung. Dies wird (i) einer Zunahme der
Loslichkeit von O mit steigendem Zr-Gehalt in dexgierung und (ii) einer Zunahme
der Mobilitat von Al mit steigendem Zr-Gehalt inrd@auerstoffangereicherten) am-
Al Zri1x Legierung zugeschrieben. Die Wachstumskinetik @grdschichten fur die
Oxidation von Al-reichen am-AZr1, LegierungenX> 0.51) folgt einem parabolischen
Wachstumsgesetz (siehe Abbildung 7.2), wohingegemldér Oxidation von Zr-reichen
am-AlZr;.-Legierungen X < 0.35) ein lineares Wachstumsgesetz der Oxidstdmnc
auftritt. Die am-AbssZrossLegierung nimmt dabei eine Zwischenposition eirasD
parabolische Wachstum der Oxidschichten der agg:Blg 49 (Al/Zr-Verhaltnis = 1.0)
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und am-ApegZros2 (Al/Zr-Verhéltnis = 2.1) Legierungen (welche sonain Al/Zr-
Verhaltnis groRer als das thermodynamisch bevoezatt/Zr** Verhaltnis von 0.5 der
amorphen  Oxidphase aufweisen) deutet auf ein diifiskontrolliertes
Wachstumsverhalten der Oxidschichten hin. Die Warchskinetik der Oxidschicht
kann einerseits durch den Sauerstofftransport dutieh wachsende Oxidschicht
hindurch und/oder andererseits durch die Diffusioon Al von der
Reaktionsgrenzflache Oxid/Legierung in tieferliede Bereiche der Legierung hinein
(bedingt durch die Bildung der thermodynamisch Ibewgten Oxidphase am-
(AlO1.5)0.39Zr02)067) bestimmt werden. Bei héherem Zr-Gehalt in der A+«
Legierung sind die Diffusionsprozesse in der Oxmigtt und in der Legierung so
schnell, dass die Wachstumskinetik der Oxidschidatch die Bildungsrate der
thermodynamisch-bevorzugten am-(AlD 39ZrO,)o s-Phase an der Oxid/Legierung-
Grenzflache bestimmt wird. Dies hat eine lineareckigtumskinetik der Oxidschicht

zufolge.
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Abbildung 7.2: (a) Oxidschichtdicke der am-MZrp49 Legierung als Funktion der
Oxidationszeit in einem Temperaturbereich von 35800 °C.(b) Hellfeld-TEM-Bild einer
Querschnittsprobe einer ampAlZrq 49 Legierung, welche bei 400 °C fur 10 h oxidiert dewr

Das Oxidationsverhalten von amorphenR AZry 56 Legierungen bei 500 — 560 °C
und po; = 1x10° Pa zeigt einen dreistufigen Oxidationsmechanisititepitel 4).
Wahrend des Anfangsstadiums der Oxidation von aheorpAb.44Zro0s6 Legierungen
bei 500 °C (bis zu 5 Stunden) und bei 560 °C (biglZ Minuten) wurde zunéchst die
Bildung einer amorphen (Al,Zr)-Oxidschicht beoba&tht(Stufe 1), welche eine

homogene Zusammensetzung und eine gleichmaRiges Rickveist. Wahrenddessen
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Zusammenfassung

behalt die darunterliegende Legierung ihren amarpBastand bei. Die amorphen
(Al,Zr)-Oxidschichten sind im Vergleich zu der Aasgslegierungszusammensetzung
mit Zr angereichert und haben dieselbe Zusammamsgtzunabhéangig von
Oxidationszeit und —temperatur. Dies spricht fin atark ausgepragtes lokales
Minimum der Gibbs-Energie der Oxid-Oxid-Losungspmghésiehe Kapitel 2). Wahrend
der Oxidation der am-Al4Zros6 Legierung bei 560 °C bis zu 45 Minuten wird durch
die bevorzugte Oxidation von Zr eine Al-Anreichegun der Legierung direkt unter der
Grenzflache Oxid/Legierung beobachtet. Gleichzdiiig eine Verdrangung von O aus
dem Bereich der Al-Anreicherung in tieferliegender&che der Legierung auf,
ausgelost durch eine herabgesetzte Sauerstoffiésiic in der Al-angereicherten
Festkorperlosung.

Bei langeren Oxidationszeiten der amorphegu#ro s¢ Legierung bei 560 °Q &

45 Minuten) bildet sich eine kristalline tetragamalrOQ, Phase t(ZrO,), wohingegen
die amorphe Legierung ihre amorphe Struktur weiterbeibehalt (Stufe II).
Keimbildung und Wachstum deZrO, Phase bei 560 °C findet ausschlief3lich nahe der
Grenzflache zwischen der bereits entstandenen dm@ofgr,Al)-Oxidschicht und der
amorphen Legierung, unmittelbar unter dem Bereieln Al-Anreicherung in der
amorphen Legierung statt. Di&ZrO, Phase entsteht aufgrund der oxidationsinduzierten
Zusammensetzungsveranderung in der Legierung dirgktrhalb der Grenzflache und
einer gunstigen Grenzflachenenergie zwischiedrO, Kiristallit und amorpher
Legierungsmatrix.

Das Wachstum derZrO, Kristallite (durch selektiven Einbau von O undars
der Uberséttigten Festkorperlésung) geht einhedsritVerdrangung (Segregation) von
Al in die Bereiche rund um die wachsendedrO,-Partikel (Stufe Ill). Demzufolge
werden die wachsendefZrO, Kristallite von einer zunehmend mit Al angereidkar
und an Zr und O verarmten Legierungsmatrix umgeleiche das weitere Wachstum
dert-ZrO, Kristallite behindert. Einzelne Ausbuchtungen d&rO, Kristallite wachsen
bevorzugt in sauerstoffreichere Regionen der Leggsmatrix hinein; folglich kommt
es zu einer Destabilisierung der WachstumsfroneésDiihrt zu der Ausbildung einer
dendritischen Morphologie verursacht durch lokalengentrationsschwankungen des
gelosten Sauerstoffs. Schlussendlich stol3en diehseaden t-ZrO, Kristallite
aneinander und bilden eine kontinuierliche Schighter der anfénglich gebildeten
amorphen (Al Zr)-Oxidschicht aus, welche aus defitmigen t-ZrO, Kristalliten
umgeben von einer Al-reichen Legierungsmatrix begtgehe Abbildung 7.3).
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Abbildung 7.3: Dunkelfeld-TEM-Bild eines Querschnitts der amyAFr, ss-Probe, welche bei
560 °C o2 = 1x10° Pa) fur 180 Minuten oxidiert wurde.

Die Untersuchung der Korrosionsbestandigkeit vobetiandelten und oxidierten
am-AlZr-Legierungen X = 0.25, 0.32, 0.49, 0.65, 0.74) mittels elektroulseher
Mikrokapillartechnik zeigte eine ausgezeichnetergsionsbestandigkeit der oxidierten
am-AlZry Legierungen (Kapitel 5). Fur unbehandelte am-Alry-Legierungen,
welche anfanglich eine sehr dinne natirliche Oxkidét aufweisen, wird ein
minimaler (kritischer) Zr-Gehalt vox = 0.49 fur die Bildung einer schitzenden
Passivschicht in 1 M HCI benétigt. Ist der Zr-Gélvaden unbehandelten am-AEry-
Legierungerx < 0.49, fuhrt die Anodisierung in 1 M HCI rasch emem vollstandigen
Verlust des schiutzenden Charakters der Al-reichatiirichen Oxidschicht. Mit
zunehmendem  Zr-Legierungsgehalt setzt ein passiy€srrosionsverhalten,
gekennzeichnet durch Stromdichten unte® 10A/cnf (bei 200 mV (ber dem
Ruhepotential (OCP)), ein und ist am besten fima®ikristallines Zr. Der Passivfilm,
der sich auf Zr-reichen am-AlZr, Legierungen ausbildet, hat ein®AZr®* Verhaltnis
ahnlich dem der Ausgangslegierung. Fur amg&t, Legierungen mik = 0.49 erreicht
die Passivstromdichte bei einem angelegten Potemtia 500 mV einen nahezu
konstanten Wert vonxd0' pA/cnf, unabhangig von der Legierungszusammensetzung.
Diese Passivstromdichte ist vergleichbar mit den vostfreiem Stahl und von
sputterabgeschiedenen reinen kristallinen Zr-St¢arch

Die oxidierten am-Al.Zr«-Legierungen besitzen eine hervorragende
Korrosionsbestandigkeit in 1 M HCI im Vergleich den unbehandelten am-AFry
Legierungen (siehe Abbildung 7.4a). Die oxidiertam-Al,..Zr-Legierungen weisen
sehr niedrige Passivstromdichten mit Minimalwerteis zu 3.%10° pA/cnt bei

Anodisierung bis zu 1000 mV auf (ohne jegliche Aoken fir beginnende
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Lochfral3korrosion). Fur ausreichend lange Oxidaizeiten wird die Passivstromdichte
unabhangig von der Dicke der am-{AdZry 67)O1.83Schicht. Dies wird einer minimalen
Anzahl
zugeschrieben (siehe Abbildung 7.4b).

an verbleibenden Wachstumsdefekten an deerflabhe des Oxidfilms

Die chemische Stabilitat und die ausgezeichnetaut3alirkung der thermisch
gewachsenen am-(MdZro.67)O1.83Schicht sind somitiY dem relativ hohen nominellen
Zr-Gehalt im oberflachennahen Bereich der Oxidsahidi) der chemischen und
strukturellen Homogenitat der am-(AbZro.67)O1.83Schicht und ifi) einer minimalen
Anzahl an verbleibenden Wachstumsdefekten (im timrénnahen Bereich der
Oxidschicht), verursacht durch eine ausreichenddaDxidationszeitt(>150 Minuten
bei 350 °C), zuzuschreiben. Die kontrollierte Oxiola von sputterabgeschiedenen
amorphen AlZr;-Schichten ist somit eine vielversprechende Mogkih fur die
Entwicklung einer neuen Generation von korrosiosgbaligen Beschichtungen auf
Basis amorpher Legierungen.
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Abbildung 7.4: (a) Potentiodynamische Polarisationskurven von oxieieram-A}s:Zrq sa

Legierungen, welche durch Oxidation bei 350 °C badverschiedenen Oxidationszeiten (1 h,

5 h und 10 h) hergestellt wurden. Die potentiodyisahe Polarisationskurve der unbehandelten

am-AlysiZrosgLegierung ist zum Vergleich gegebeth) Die Schichtdicke der thermisch

gewachsenen am-(¢dZro67)O1s3Phase (gebildet

bei

350°C) und die zugehorige

(durchschnittliche) Stromdichte bei einem angeleddotential von 990 — 1000 mV in der

passiven Region, jeweils als Funktion der Oxidasaeit.
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