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Chapter 1 

1 Introduction 

1.1 General background 

Many surface-related properties of a metallic material are directly linked to the surficial 

oxide film, which inevitably forms in contact with an oxidizing gaseous or liquid 

environment. Hence tailoring of the microstructure of oxide films on metallic materials 

(e.g. the thickness, morphology, composition and defect structure [1]) by controlled 

variation of the oxidation conditions (e.g. oxidation temperature, oxygen partial 

pressure and oxidation time) is essential for adapting functional properties, such as the 

corrosion resistance, adhesion, electrical conductivity and thermal stability. 

Accordingly, a profound knowledge of the interrelationship of oxidation conditions and 

the oxidation behavior of a metallic material is required for optimizing specific material 

(surface) properties, as well as to assess the reactivity, durability and reliability of 

respective technological components during operation under real-life conditions (e.g. in 

liquids, in reactive gasses and/or under thermal or mechanical loading conditions at 

elevated temperatures). The oxidation behavior of a metallic material, and more 

specifically the microstructural evolution of the growing oxide film, can be influenced 

directly by alloying with specific elements [2, 3]. Crystalline metallic alloys usually 

form either solid solution alloys or specific intermetallic compounds over well-defined, 

relatively narrow, compositional ranges, as predicted by bulk thermodynamics and as 

displayed in a bulk phase diagram. Thus the possibilities to tailor the oxidation behavior 

and thereby the oxide properties by selective variation of only the alloy composition 

(i.e. without subsequent variation of the alloy microstructure) are generally severely 

limited for crystalline alloys. Amorphous alloys (or metallic glasses), on the other hand, 

can typically be prepared over a relatively wide compositional range, while fully 

preserving the amorphous state. Moreover, since grain boundaries are naturally absent 

in amorphous solids, the oxidation of amorphous alloys is expected to result in a 

compositionally and structurally much more homogenous (amorphous) surface oxide 

layer as compared to the respective (crystalline) oxide layers grown on crystalline 

alloys. Such compositionally and structurally homogenous amorphous oxide films are 
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expected to exhibit superior properties, such as improved oxidation and corrosion 

resistance [4-6]. 

The binary alloy system Al-Zr exhibits excellent glass forming ability over a wide 

compositional range (0.29 ≤ xAl ≤ 0.83) [7], as well as a high thermal stability [8]; it thus 

represents an ideal model system for a systematic study of the sole effect of the alloy 

composition on the oxidation and corrosion behaviors of (amorphous) alloys. 

1.2 Focus of this thesis 

This thesis presents a systematic and comprehensive investigation of the thermal 

oxidation of amorphous AlxZr1-x (am-AlxZr1-x) alloys over a wide compositional range 

under varying oxidation conditions (e.g. oxidation temperature, oxidation time). It 

comprises the investigation of the developing oxide phases, the oxide microstructure, 

the oxidation kinetics and the corrosion behavior of the alloys as function of the 

oxidation conditions.  

To this end, 2 µm-thick am-AlxZr1-x coatings in a composition range of 0.26 ≤ x ≤ 

0.75 were prepared by magnetron-co-sputtering on 50 nm am-SiO2/50 nm am-Si3N4/Si 

wafers and subsequently oxidized in a temperature range of T = 350 °C – 560 °C at 

pO2 = 105 Pa for up to 10 h. The microstructural evolutions of the parent am-AlxZr1-x 

alloy and the oxide overlayer, as formed during thermal oxidation, were characterized 

by means of X-ray diffraction (XRD), cross-sectional (analytical) transmission electron 

microscopy (TEM), Auger electron spectroscopy (AES) depth profiling, X-ray 

photoelectron spectroscopy (XPS) and ex-situ spectroscopic ellipsometry (SE). 

The experimentally-observed changes in the microstructure and composition of 

the developing oxide phases as function of the oxidation conditions are discussed from 

both thermodynamic and kinetic points of view and are rationalized by thermodynamic 

model calculations exposing the dominating role of thermodynamics in controlling the 

oxide phase composition, even for amorphous oxide overgrowths. 

Furthermore, the oxidation kinetics of amorphous AlxZr1-x alloys were 

investigated as function of the alloy composition (0.26 ≤ x ≤ 0.68) and the oxidation 

temperature (350 °C ≤ T ≤ 400 °C) at a constant oxygen pressure (pO2  = 1×105 Pa). In 

order to elucidate the underlying oxidation mechanism, the oxidation-induced 

compositional changes in the parent alloy adjacent to the oxide/alloy interface were 

investigated by AES depth profiling analyses. 
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Finally, with respect to the practical application of oxide layers, it has been 

investigated whether the controlled pre-oxidation treatment of the am-AlxZr1-x alloys as 

done in this work offers a promising route for the development of a new generation of 

corrosion-resistant coating systems based on pre-oxidized amorphous alloys. To this 

end, the electrochemical behavior of untreated and pre-oxidized am-AlxZr1-x alloy 

coatings was investigated by employing an electrochemical microcapillary technique. 

1.3 Background 

1.3.1 Amorphous alloys 

Due to their compositional homogeneity and absence of long-range order, amorphous 

metallic alloys show unique properties, such as pronounced resistance against oxidation 

and corrosion [4-6] and favorable mechanical and electronic properties (see [9, 10] and 

references therein), as compared to their crystalline counterparts. Hence amorphous 

metallic alloys have been investigated as promising candidates for e.g. biomedical 

materials, such as biodegradable implants made of Mg-based BMG, which show good 

biocompatibility and possess high mechanical strength and elasticity in comparison to 

crystalline Mg-based alloys [11]. Especially the family of Zr-based amorphous metallic 

alloys have attracted much interest, since they possess a high thermal stability, high 

strength, high ductility, low coefficient of thermal expansion and a good corrosion 

resistance [12]. For example, amorphous Zr-Al-Ni-Cu alloys find applications as 

pressure sensors with a high pressure endurance for automobiles or micro-geared motor 

parts with high torque for cellphones (see [13] and references therein). 

Since the discovery of the first amorphous alloy (metallic glass) in the Au-Si 

system, prepared by a rapid quenching technique in 1959 [14], many more alloy 

systems capable to form an amorphous structure (i.e. without a long-range atomic order) 

have been discovered (see [15] and references therein). Traditionally, to obtain an 

amorphous structure high cooling rates were required. Hence, it was only possible to 

fabricate amorphous alloys in very small dimensional structures which allow a fast heat 

extraction [4], such as thin ribbons, wires and filaments. This severely constrained the 

possible fields of application of amorphous metallic materials. With time, special multi-

component systems with high glass-forming ability, which require lower critical cooling 

rates, were discovered. The following development of so-called bulk metallic glasses 

(BMG) in centimeter-scale dimensions represents a milestone in the research of 
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amorphous metallic alloys (see [13] and references therein). Since then, possible fields 

of application of amorphous metallic alloys rapidly expanded.  

However, for some alloy systems it is either impossible at all to achieve the 

amorphous state by rapid quenching from the melt, or only possible in special 

concentration ranges, e.g. near the eutectics, due to the fact that a sufficient/critical 

cooling rate is required. This is especially the case for metallic alloy systems in which 

the alloy components have considerably different melting temperatures, as it is the case 

for e.g. Al (Tm = 660.4 °C [16]) and Zr (1852.0 °C [16]), or when the components are 

immiscible in their liquid state. For these alloy systems alternative processing routes, 

which involve higher effective cooling rates and/or do not require melting for alloy 

formation, have to be applied to obtain an amorphous structure [17]. Such alternative 

routes include, for example, atomic/molecular deposition techniques (chemical or 

physical vapor deposition such as magnetron sputtering) or external action techniques 

(e.g. ion beam mixing, ion implantation) [4]. With these techniques it is possible to 

obtain amorphous single phases over a wide composition range and even to expand the 

possible range of glass-forming alloy systems. For details 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 behavior of metals and alloys is of 

great scientific and technological interest, because the surficial oxide layer formation 

may lead to many improved materials properties which find numerous application in 

state-of-the-art technologies, such as in microelectronics with attractive electrical 

properties [18-20], protective coatings against corrosion processes [21, 22] or as gas 

sensors [23, 24]. While oxidation of crystalline metallic materials has been investigated 

for decades, the oxidation behavior of amorphous metals, which represent a relatively 

young class of materials, remains largely unknown. 

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

the oxidation reaction, 

x·Me(s) + y/2·O2(g) ⇄ MexOy(s), 

is provided by the change in chemical Gibbs energy associated with the formation of the 

oxide phase(s). For most metals the Gibbs energy change of the corresponding 
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oxidation reaction is strongly negative and thus a (native) oxide layer forms inevitably 

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

approximation, the chemical Gibbs energy of formation for given temperature and 

pressure conditions is decisive for which oxide phase is formed. However, not only bulk 

thermodynamics, but also surface and interface energies can play a crucial role in oxide 

formation behavior. For instance, during initial oxidation, a very thin amorphous oxide 

layer can be more stable up to a critical thickness than its crystalline counterpart due to 

their relatively low interface energy with the crystalline parental alloy or the ambient, 

which compensates the higher bulk Gibbs energy of the amorphous oxide, as it is the 

case for the oxidation of e.g. Al crystals [25] and Zr crystals [26].  

In comparison to pure metals, metallic alloys generally undergo much more 

complex oxidation behaviors, since they may contain more than one oxidizable 

constituent [27]. Thus, several different oxide phases, with more or less extended 

solubility ranges (e.g. binary, ternary or multinary oxides), can be in thermodynamic 

equilibrium. Moreover, upon ongoing oxidation, the composition of the metallic 

substrate (and thus also the solubility of oxygen therein) can be changed by the 

preferential oxidation of specific components. This oxidation-induced compositional 

change of the substrate can induce formation of (inter-)metallic phases, or stabilization 

of different oxide phases during oxidation. The oxidation behavior is further 

complicated by kinetics, e.g. by the different mobilities of reacting species in the oxide 

or the alloy phase, which can favor or impede formation of certain oxide phases [27, 

28]. All the before mentioned factors can influence and govern the oxide phase 

formation, microstructure and composition, upon thermal oxidation of metallic alloys. 

The analysis of the oxidation behavior can be even more complex if the parental 

alloy has an amorphous structure, since the oxide phase formation in case of an 

amorphous alloy – which is a thermodynamically metastable state – cannot be described 

using classical bulk thermodynamics. Hence, a prediction of the oxidation behavior of 

amorphous alloys according to bulk thermodynamics is difficult. It is further 

emphasized that, due to the amorphous state of the parent alloy, growth stresses in the 

developing oxide overlayer due to lattice mismatch strain, and interfacial energies will 

differ from the case of oxide formation on the crystalline alloy counterpart of the parent 

alloy (and will probably be less influential) [26].  
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1.3.2.2 Kinetics of oxidation 

Although the presence of a chemical driving force is a prerequisite for oxide formation, 

it contains no information about the kinetics of oxide formation, which is dependent on 

the reaction mechanism at the gas/oxide and/or the oxide/metal interface and the 

migration rate of ions/atoms/electrons across the oxide scale. To understand the 

oxidation reaction kinetics a closer consideration of the oxidation processes is given 

below. 

The generally fast initial oxidation of a metal or alloy surface in contact with an 

oxidizing atmosphere begins with the physisorption of oxygen molecules on the metal 

surface and the dissociation of the adsorbed molecules (chemisorption), followed by 

oxide nucleation and growth to form a laterally-closed oxide film. This laterally-closed 

oxide film then constitutes a diffusion barrier separating the oxidizing atmosphere and 

the metal/alloy substrate. Further oxidation, i.e. growth of the oxide film, can only 

proceed by the migration of (charged) reactant species (i.e. cations, anions, electrons, 

holes and vacancies) through the ‘barrier’ oxide film [28, 29]. In Figure 1.1 a schematic 

illustration of an oxidation process is given. 

 

 

Figure 1.1: Schematic illustration of an oxidation process of a metallic material with high 

oxygen dissolution. The oxidation reaction takes place by inward diffusion of oxygen towards 

the reacting oxide/metallic material interface. 

According to Wagner’s theory of oxidation [28, 30], the oxide-film growth rate of 

an oxide scale at high oxidation temperatures is governed by the thermally-activated 

diffusional processes of reactant species across the growing oxide scale. Thereby 

opposing fluxes of metal ions and oxygen ions are established across the oxide scale as 
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induced by chemical potential gradients, which are a result of thermodynamic 

equilibrium assumed to prevail both at the oxide/atmosphere and oxide/metal interfaces. 

The electric field built up by the charged ions migrating across the oxide scale, induces 

a transport of electrons across the oxide scale to maintain electroneutrality throughout 

the oxide scale [28, 30]. Hence the resulting oxide film growth kinetics is governed by 

the slowest-moving reactant species through the oxide film 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 of peculiar interest since amorphous 

alloys can have superior corrosion resistance as compared to their crystalline 

counterparts. Unlike crystalline materials, amorphous alloys possess no lattice defects 

(e.g. grain boundaries, kinks, dislocations or stacking faults) or second-phase particles 

at which corrosion often preferentially occurs. Thus the improved corrosion resistance 

found in some amorphous alloys is often attributed to their structural and chemical 

homogeneity [4, 6, 31]. Also the ability of amorphous alloys to rapidly form a passive 

amorphous oxide film with minimized defect structure (e.g. no grain boundaries) can be 

responsible for an improved corrosion behavior by retarding the ionic movement 

through the passive film. Moreover the flexible bonding configurations in amorphous 

oxide might compensate lattice mismatch or strain between oxide and metal. 

Consequently, the film ductility and bond flexibility might lead to a highly protective 

passive film, which is more stable against cracking by stress. Furthermore, amorphous 

alloys have the ability to form a supersaturated solid solution in comparison to its 

crystalline counterpart (by exceeding equilibrium solubility). Hence alloying with a 

more corrosion resistant element can improve the corrosion behavior of the solid 

solution by incorporation into the (amorphous) oxide film or by retarding the 

dissolution rates of the underlying metallic substrate [4, 6, 31].  

Al metal, for example, provides good corrosion resistance in neutral 

environments, due to the fact that Al is covered naturally with a stable continuous and 

uniform amorphous oxide layer which provides passivity. In acidic and basic solutions, 

however, Al metal actively dissolves (cf. the Pourbaix diagram in Figure 1.2) and is also 

very susceptible to pitting corrosion in chloride-containing solutions [32, 33]. By 

alloying with a transition metal (TM) like W, Ta, Mo Nb, Cr or Zr, the corrosion 

resistance of Al-based alloys in corrosive environments can be greatly improved due to 
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the formation of a structurally and compositionally uniform, passivating amorphous 

(oxyhydr-)oxide film which contains cations of both the aluminum and the corrosion-

resistant element [17].  

According to the Graph-theory, which describes the corrosion behavior of binary 

alloys, a critical minimum concentration of the TM alloying element in the 

(oxyhydr-)oxide film is required to induce passivity. Thereby a continuous network of –

TM-O(H)-TM- bridges establishes in the oxide film which is more stable than –Al-

O(H)-Al- bridges in an aqueous solution and thereby improve the corrosion resistance 

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

 

 

Figure 1.2: Pourbaix diagram (potential (E) – 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 hydrogen getter materials in vacuum systems 

[37-39]. Al-Zr alloys are also considered as potential candidates as fuel-element-

cladding material in the nuclear industry, since Al-Zr alloys have low absorption cross 

sections for thermal neutrons [37]. Since corrosion damage in nuclear reactors occurs 

primarily by hydrogen and oxygen diffusion through grain boundaries, the high glass 

forming ability of the Al-Zr system to form an amorphous alloy, which can provide 

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

without grain boundaries), is of additional interest [40, 41]. 
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Further, the oxidation of (amorphous) Al-Zr alloys to form an amorphous ZrO2-

Al 2O3 phase has attracted interest in recent years, since amorphous oxides are promising 

candidates as high-k materials, because they have a uniform dielectric constant k and 

possess no grain boundaries serving as electric leakage paths [42]. The ZrO2-Al 2O3 

binary system shows structural stability of the amorphous ZrO2-Al 2O3 phase at high 

temperatures, which makes it a promising material as high-k dielectric material [43].  

1.3.4.1 Preparation of amorphous Al-Zr alloys 

The binary alloy system Al-Zr is characterized by an excellent glass forming ability 

over a wide composition range. The preparation of amorphous Al-Zr alloys can be 

achieved by various techniques, such as mechanical alloying (e.g. ball milling) [44-46], 

ion beam mixing [47] and magnetron sputtering [7, 40, 48, 49]. Even the preparation of 

amorphous Al-Zr alloys by rapid quenching of Al-Zr melt was reported by Gudzenko in 

1974 [50]. In this case amorphous Al-Zr alloys were achieved only in special 

concentration ranges near the eutectics (45 – 53 at.-% Zr, 63 - 74 at.-% Zr), whereas 

amorphous Al-Zr thin films formed by sputtering can be 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 mechanism of Zr-based multi-component 

bulk amorphous alloys has been well investigated [3, 5, 51-53], whereas the oxidation 

behavior of the binary amorphous Al-Zr system has received much less attention. 

Consequently, a thorough understanding of the oxidation mechanisms of amorphous Al-

Zr alloys is lacking. 

According to bulk thermodynamics, the pseudo-binary phase diagram of AlO1.5 – 

ZrO2 (Figure 1.3) doesn’t show the existence of any crystalline ternary oxide phase, but 

only the existence of crystalline binary oxide phases (Al2O3 and ZrO2, each in different 

modifications) [54, 55]. Depending on the conditions, several modifications of Al2O3 

and ZrO2 exist. ZrO2 possesses three crystalline polymorphs: monoclinic (α-)ZrO2 

(< 1173 °C), tetragonal (β-)ZrO2 (1173 °C – 2370 °C) and cubic (γ-)ZrO2 (2370 °C - 

2690 °C) [56]. For Al2O3, rhombohedral α-Al 2O3 and metastable cubic γ-Al 2O3 are the 

most important polymorphs [57]. 

Generally, in binary alloy systems, the oxidation behavior can be predicted more 

easily if one of the constituting elements is much nobler than the other, e.g. for the 
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system Ni-Pt [58]. However, the Gibbs energy of oxide formation per one mole oxygen 

of all (possibly forming) crystalline binary Al and Zr oxide phases is very similar 

indicating that both elements, participating in the oxidation reaction, show a similar 

high affinity towards oxygen. Consequently, a prediction of the sequence of oxide phase 

nucleation and growth upon thermal oxidation of (amorphous) Al-Zr alloys that is 

solely based on the comparison of the values of Gibbs energy of oxide formation of the 

competing oxide phases is often oversimplified. In the case that the equilibrium binary 

crystalline Al and Zr oxide phases form simultaneously upon oxidation of (amorphous) 

Al-Zr a phase separation is expected since the pseudo-binary phase diagram of AlO1.5 – 

ZrO2 shows no mutual solubility of the equilibrium binary crystalline oxide phases at 

room temperature and up to the eutectic point at 1130 °C [55].  

 

 

Figure 1.3: Pseudo-binary phase diagram ZrO2-AlO1.5 as taken from Ref. [54]. 

Hitherto, the oxidation behavior of amorphous Al-Zr alloys has only scarcely been 

investigated [48]. For example, Soroka et al. [48] investigated the structural stability 

and oxidation resistance of amorphous Al-Zr alloy layers. At elevated oxidation 

temperatures (up to 700 °C) the amorphous Al-Zr layer of only 150 nm thick fully 

transformed into an amorphous oxide layer. However, a detailed investigation of the 

oxide composition, the oxidation-induced changes in the substrate layer, the oxidation 
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mechanism and the oxide-film growth kinetics has not been performed. Clearly such a 

process (oxidation of 150 nm thin amorphous Al-Zr) is not representative of the 

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

1.3.4.3 Electrochemical behavior of amorphous Al-Zr alloys 

As already introduced in Section 1.3.3, the alloying of Al with a more corrosion-

resistant element, like Zr, can lead to an improved corrosion resistance. The 

investigation of the corrosion resistance of amorphous Al-Zr alloys, covered initially 

with an amorphous native oxide layer, was observed to improve with increasing Zr 

content in both the alloy and in the passive (Al,Zr)-(oxyhydr)oxide film, formed upon 

anodization [6, 7, 17, 59, 60]. Certainly, the ability of the amorphous alloy, to be 

structurally and chemically homogeneous, plays a key role in improved materials 

corrosion behavior [52]. However, it is generally acknowledged that not only the 

homogenous amorphous state of the alloy promotes superior corrosion behavior, but its 

ability to form an amorphous oxide overgrowth also plays an important role [61]. The 

am-Al1-xZrx alloy system allows the formation of a relatively thick amorphous (Al,Zr)-

oxide overlayer by thermal oxidation under selected oxidation conditions, as compared 

to the only-few-nanometer-thick native amorphous (Al,Zr)-oxide films formed on the 

as-deposited am-Al1-xZrx alloys (covered with a native oxide layer).  

1.4 Experimental approach 

A prerequisite for a thorough investigation of the thermal oxidation behavior and the 

underlying oxidation mechanisms of (amorphous) alloys is the application of various 

experimental approaches combining microstructural and compositional characterization 

techniques with the analysis of the oxide-film growth kinetics. Thus, in the present 

thesis, a combined experimental approach by XRD, XPS, AES, cross-sectional 

(analytic) TEM and SE has been applied for the investigation of the oxidation behavior 

of amorphous Al-Zr alloys under defined oxidation conditions. Furthermore, the 

corrosion behavior of as-deposited and oxidized am-Al-Zr alloys has been investigated 

by the electrochemical microcapillary technique.  
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1.4.1 Oxidation procedure of am-AlxZr1-x  

Oxidation of sputter-deposited am-AlxZr1-x specimens (x = 0.26, 0.35, 0.44, 0.51 and 

0.68) was performed in quartz ampoules at oxidation temperatures Tox in the range of 

350 °C – 560 °C for up to 10 h under a constant oxygen pressure of pO2 = 1 × 105 Pa. In 

order to obtain an oxygen pressure of pO2 = 1 × 105 Pa at e.g. the oxidation temperature 

Tox = 350 °C, the evacuated quartz ampoules were filled at room temperature (RT) with 

pure oxygen gas of pO2 = 4.70 × 104 Pa, which corresponds to pO2 = 1 × 105 Pa at Tox = 

350 °C. Analogously, quartz ampoules were prepared for various oxidation 

temperatures. The specimens were either enclosed separately in quartz ampoules or, 

when it is necessary to compare the oxidation behavior of the amorphous alloys of 

various alloy compositions, a special construction in each quartz ampoule is employed, 

which holds a set of specimens of all different compositions to ensure identical 

oxidation conditions (Figure 1.4). Oxidation of the specimen(s) in such-prepared quartz 

ampoules was performed isothermally at different Tox for different oxidation times tox. 

After the oxidation, the quartz ampoules were immediately quenched in water (T ~ 

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

 

 

Figure 1.4: Special construction enabling the oxidation of a set of am-AlxZr1-x specimens with 

various alloy compositions under identical oxidation conditions. 
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1.4.2 Structural and compositional characterization 

The development of the microstructure of the evolving alloy-substrate/oxide-film 

system during thermal oxidation of am-AlxZr1-x alloys was investigated by XRD, cross-

sectional (analytical) TEM, AES and XPS. 

X-ray diffraction is a powerful non-destructive method to characterize the phase 

and microstructural evolution of a material. In this study, X-ray diffraction (XRD) 

analysis was applied to investigate the microstructure of the as-deposited am-AlxZr1-x 

alloy specimens and to monitor the evolution of crystalline (oxide or intermetallic) 

phases upon oxidation of am-AlxZr1-x specimens.  

In this study, cross-sectional TEM analysis was applied to determine the 

microstructure of oxidized am-AlxZr1-x alloys. To this end, cross-sectional TEM 

lamellae were prepared from as-deposited and oxidized am-AlxZr1-x alloy specimens by 

the Tripod polishing technique [62] and investigated by TEM. The elemental 

distribution in the oxidized am-AlxZr1-x alloy specimens were investigated by energy-

filtered TEM (EFTEM) imaging and electron energy loss spectroscopy (EELS) 

elemental mapping. 

AES and XPS analyses [63] were used to obtain a qualitative and quantitative 

description of the chemical constitution of the (oxidized) am-AlxZr1-x alloy specimens. 

By performing alternating cycles of AES/XPS analysis and 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 introduced by Drude in 1887, but only became 

popular in the 1970’s when the first complete automation of spectroscopic ellipsometry 

measurements has been realized [64-66]. Ellipsometry allows the non-destructive 

determination of e.g. optical constants and thin-film thicknesses by measuring the 

change of the state of polarization of a linearly polarized light beam upon reflection on a 

specimen. Usually, the incident linearly polarized light beam becomes elliptical upon 

reflection on a specimen, which is the reason for naming [66]. 

The electric field vector Ej, revealing the state of polarization of the incident (j = i) 

and the reflected (j = r) light, is described by p-(parallel to the plane of incidence) and s-

(perpendicular to the plane of incidence)polarized components: Ej = Ejp + Ejs. Upon 

interaction of the linearly polarized light with the specimen surface, the light gets 

typically elliptically polarized due to a change in phase and amplitude of the reflected p- 
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and s-polarized components. The change in polarization is described by the ratio of the 

amplitude reflection coefficients, rp and rs, for p- and s-components, which are 

composed of the ratios of the reflected to the incident electric fields. The ellipsometric 

parameters Ψ and ∆ are then given by: 

� � tanΨexp
i�
 � �p�s � ��rp�ip� ��rs�is�� . (1.1) 

The ellipsometric parameter Ψ describes the amplitude ratio between reflected p- and s-

polarized components, while ∆ represents the phase difference between reflected p- and 

s-polarized components [66]. A schematic illustration of the measurement principle of 

spectroscopic ellipsometry is given in Figure 1.5. 

 

 

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

In the present work, spectroscopic ellipsometric investigations were performed in 

order to determine the change of oxide-film thickness as function of the oxidation time 

at constant oxidation temperatures. The ellipsometric measurements were performed 

with a J.A. Woollam M-2000TM spectroscopic ellipsometer, equipped with a Xe light 

source, by recording Ψ(λ, ϕ) and ∆(λ, ϕ) in a wavelength range of λ = 300 nm –

 850 nm and at variable angles of incidence of ϕ = 60°, 65°, 70° and 75° (with respect to 

the specimen-surface normal). From the recorded ellipsometric values, Ψ(λ, ϕ) and 

∆(λ, ϕ), and by adopting an optical model description for the evolving oxide/alloy-

substrate system the oxide-film growth kinetics have been determined. 
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1.4.4 Microelectrochemical measurements 

The electrochemical microcapillary technique enables the measurements of local 

(electrochemical) corrosion currents of a very small area of the alloy [67-69] and as 

such, the intrinsic corrosion behavior of passivating metal and alloy surfaces. This is not 

possible with large-scale electrochemical scanning methods for which the measured 

corrosion behavior is generally affected by compositional and structural 

inhomogeneities, scratches, contamination or other local defects within the immersed 

sample area. 

Microelectrochemical measurements were carried out on as-deposited and 

oxidized am-AlxZr1-x alloys applying the electrochemical microcapillary technique [68, 

70]. The microcapillary, filled with an electrolyte (1 M HCl, pH = 0), acts as an 

electrochemical cell connecting the working electrode, i.e. the (oxidized) am-AlxZr1-x 

specimen, with the Pt counter electrode. A saturated calomel electrode (SCE), to which 

all potentials are referred, is connected via an electrolytic bridge. The tip of the 

microcapillary has a diameter of 300 µm, defining the size of the investigated area, and 

a silicon seal, which hinders the leaking of the electrolyte during contact with the am-

Al xZr1-x alloy surface. A schematically drawing of the experimental setup is given in 

Figure 1.6a. 

Prior to the potentiodynamic polarization measurements, the microcapillary is 

positioned on the sample (see Figure 1.6b) and the open circuit potential (OCP), i.e. the 

potential of the specimen (working electrode) relative to the reference electrode in 

absence of an applied potential, is recorded for 5 minutes. Thereupon, potentiodynamic 

polarization curves, i.e. the current density as a function of the applied potential, with a 

scan rate of 1 mVs-1 were recorded starting from a potential 250 mV more negative than 

the recorded OCP. Investigation of the microelectrochemical behavior of the specimens 

has been performed on at least three different locations on the specimen surface in order 

to examine the homogeneity of the corrosion behavior.  
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Figure 1.6: (a) Schematic illustration of the electrochemical microcapillary technique setup and 

(b) the microcapillary, mounted on a microscope, in contact with the sample. Images taken from 

Ref. [69]. 

1.5 Outline of the thesis 

In recent years, amorphous metallic alloys have been intensively investigated because of 

their remarkable physical and chemical properties, e.g. high corrosion resistance [4-6]. 

Despite these intensive research activities, until now little is known about the oxidation 

behavior of the amorphous metallic alloys. This thesis presents a comprehensive and 

fundamental investigation of the oxidation behavior of am-AlxZr1-x alloys, in particular, 

the oxidation mechanism, the developing oxide microstructure and the oxide growth 

kinetics, using a combinatorial experimental approach using XRD, cross-sectional 

(analytic) TEM, AES sputter-depth profiling and SE. 

Chapter 2 addresses the development of oxide phases and microstructure upon 

thermal oxidation of am-AlxZr1-x alloys (0.26 ≤ x ≤ 0.68) in the temperature range of 

350 °C – 500 °C. Special focus was on the influence of am-AlxZr1-x alloy composition 

and oxidation conditions on the developing oxide layer. The role of thermodynamics on 

the oxide layer composition is discussed.  

Chapter 3 presents the oxide growth kinetics of amorphous (Al,Zr)-oxide layers, 

as grown by thermal oxidation of am-AlxZr1-x alloys (0.26 ≤ x ≤ 0.68) at oxidation 

temperatures of 350 °C – 400 °C. Further, the oxygen solubility and diffusivity in the 
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amorphous alloys as function of the amorphous alloy composition are investigated. The 

relationships between the observed oxidation kinetics, the oxygen diffusivity and 

solubility in the amorphous alloy and the composition of the amorphous oxide layer are 

discussed and an oxidation mechanism is proposed. 

Chapter 4 deals with the thermal oxidation of an am-Al 0.44Zr0.56 alloy at high 

oxidation temperatures of 500 °C - 560 °C. The nucleation of a crystalline tetragonal 

ZrO2 (t-ZrO2) phase upon prolonged oxidation at 560 °C, immediately underneath the 

initially formed amorphous oxide layer, is discussed with regard to oxidation-induced 

compositional changes in the alloy below the reacting alloy/oxide interface. 

In Chapter 5, the local electrochemical behavior of as-deposited and oxidized am-

Al xZr1-x alloys is investigated with the electrochemical microcapillary technique. The 

local electrochemical behavior of as-deposited am-AlxZr1-x alloys (0.26 ≤ x ≤ 0.75) is 

examined with regard on the alloy composition. The effect of a pre-oxidation treatment 

of am-AlxZr1-x alloys (0.35 ≤ x ≤ 0.68) on their electrochemical behavior is discussed in 

terms of the properties of the thermally-grown am-(Al,Zr)- oxide overlayers. 
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Chapter 2 

2 Thermodynamics controls amorphous oxide formation: 

Exclusive formation of a stoichiometric amorphous 

(Al0.33Zr0.67)O1.83 phase upon thermal oxidation of Al-Zr 

 

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

Abstract 

During thermal oxidation of binary amorphous AlxZr1-x solid solutions over wide alloy-

composition (0.26 ≤ x ≤ 0.68) and oxidation-temperature (350 °C – 560 °C) ranges, a 

single amorphous ternary oxide phase of well-defined stoichiometry, (Al0.33Zr0.67)O1.83, 

emerges. The composition of this unexpectedly stoichiometric ternary amorphous oxide 

phase, that develops instead of the crystalline oxide phases Al2O3 and ZrO2, under 

conditions far away from genuine thermodynamic equilibrium, is governed by 

thermodynamics, as demonstrated by thermodynamic assessment, adopting the 

amorphous (Al0.33Zr0.67)O1.83 phase as a supercooled liquid oxide-oxide (Al2O3-ZrO2) 

solution phase. 

2.1 Introduction 

Metallic alloys oxidize naturally under environmental air during service conditions, 

leading to oxide overgrowth on the alloy surface [1]. The composition and structure of 

the developing oxide layer determine various important surface-related properties of 

alloys, such as friction, wear, adhesion, catalytic activities, corrosion resistance and 

long-term stability/reliability, which are of vital importance in real-life applications [2]. 

Amorphous oxides have a more homogenous structure and possibly also a more 

homogenous composition as compared to their crystalline counterparts, which can result 

in improved surface properties [3]. Therefore, formation of amorphous oxide layers 

upon oxidation of alloys is often preferred in view of practical applications. Recently, in 

particular multi-component amorphous oxides have drawn great interest as building 

blocks of advanced electronic components [4]: for example, transparent conducting 

oxides (e.g. am-In2O3-ZnO) [5], amorphous oxide semiconductors (e.g. am-In2O3-
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Ga2O3-ZnO) [6, 7] and amorphous oxide high-k dielectrics (e.g. am-ZrO2-Al 2O3, am-

HfO2-SiO2) [8]. 

The atomic structure and formation mechanism of amorphous oxides, especially 

for multi-component amorphous oxides, are still poorly understood. The bulk Gibbs 

energy of formation of an amorphous oxide is always larger (less negative) than that of 

the corresponding crystalline oxide and therefore the amorphous oxide is normally 

considered to be thermodynamically metastable. However, it has been shown that the 

growth of ultrathin (typically below 2 nm) amorphous oxide films on pure metals and 

metallic alloys can be thermodynamically preferred due to their favorably low surface 

and interface energies [9, 10]. The occurrence of thicker amorphous oxide layers, 

instead, is usually considered to be a consequence of kinetic obstructions for the 

formation of the stable crystalline oxide phase(s) at the relatively low oxidation 

temperatures [11, 12]; the composition of these relatively thick amorphous oxide layers 

then is believed to be controlled by oxidation kinetics (which depends on the original 

alloy composition and the relative transport rates of metal atoms/cations through the 

oxide film) (see e.g. [13, 14]). 

In contrast with this common interpretation, in this work it is shown that, upon 

growth of relatively thick (at least up to a few 100 nm) amorphous oxide layers by 

thermal oxidation of binary metallic alloys, the composition of the formed multi-

component amorphous oxide layer can be fully governed by bulk thermodynamics. Such 

results are presented for the thermal oxidation of binary amorphous AlxZr1-x alloys 

where, over wide alloy-composition (0.26 ≤ x ≤ 0.68) and oxidation-temperature (350 – 

560 °C) ranges, a single amorphous ternary oxide phase with a well-defined 

stoichiometry, am-(Al0.33Zr0.67)O1.83, forms, which can be fully explained on a 

thermodynamic basis. Generally, the finding demonstrates that bulk thermodynamics 

can still control precisely a material process even under conditions far away from the 

genuine thermodynamic equilibrium. 

2.2 Experimental procedures and data evaluation 

2.2.1 Amorphous AlxZr1-x alloy specimen preparation 

Amorphous AlxZr1-x coatings (thickness about 2 µm) were deposited onto Si(100) 

wafers (4-inch, covered with am-SiO2 and am-Si3N4 layers, each 50 nm thick), by co-

sputtering from pure Al (purity 99.9995 wt.%) and Zr (purity 98.5 wt.%) targets in an 
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ultrahigh-vacuum sputter system (base pressure ~ 5×10- 7 Pa). The wafer substrates were 

sputter-cleaned for 1 minute by Ar+ ions with an applied acceleration voltage of 105 V 

prior to the layer-deposition process. During deposition an equilibrium chamber 

pressure of 0.5 Pa was maintained by introducing the Ar gas (purity 99.9999 at.%) at a 

constant flow rate of 15 ml/min. During sputter-cleaning and the subsequent layer 

deposition the wafer substrates were rotated with a rotation speed of a few tens of cycles 

per minute. 

The deposition of the amorphous AlxZr1-x alloys was carried out by keeping the 

power applied to the Zr target constant at PZr = 100 W, while varying the power applied 

to the Al target (PAl = 20 – 101 W), leading to various alloy compositions: Al0.26Zr0.74, 

Al 0.35Zr0.65 Al0.51Zr0.49, Al0.68Zr0.32. The compositions of the sputter-deposited am-

Al xZr1-x alloys were determined by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) measurements of alloy specimens deposited under the same 

conditions on polyimide foils (Kapton®, DuPont). The compositions of the as-deposited 

am-AlxZr1-x alloys, as well as their corresponding sputter parameters have been listed in 

Table 2.1. The thickness of the deposited am-AlxZr1-x alloys is about 2 µm (as measured 

with a Veeco DekTak 8 profilometer). 

 

Table 2.1: Parameters applied for sputter deposition of the AlxZr1-x specimens and the resulting 

specimen compositions as determined by ICP-OES. 

specimen code PAl (W) PZr (W) 
Al content 

(at.-%) 

Zr content 

(at.-%) 

Al 0.26Zr0.74 20 100 25.6 74.4 

Al 0.35Zr0.65 28 100 35.1 64.9 

Al 0.51Zr0.49 53 100 50.9 49.1 

Al 0.68Zr0.32 101 100 68.0 32.0 
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2.2.2 Oxidation of am-AlxZr1-x alloys  

Oxidation of the am-AlxZr1-x specimens was performed in quartz ampoules at oxidation 

temperatures Tox in the range of 350 – 560 °C under a constant oxygen partial pressure 

of pO2 = 1 × 105 Pa.1 To ensure the same oxidation conditions for a set of specimens, a 

special construction in each quartz ampoule holds a set of specimens of all different 

compositions. Oxidation of the specimens in the such-prepared quartz ampoules was 

performed in a pre-heated sandbath (TECHNE FB-08c) at different Tox for different 

oxidation times (tox = 1, 2.5, 5, 7.5 and 10 h). After the oxidation, the quartz ampoules 

were immediately quenched in water (T ~ 18 °C), which promptly terminated the 

oxidation process. The grown oxide layers have thicknesses in the range of 4 nm to 160 

nm (as determined by spectroscopic ellipsometric (SE) investigations, see [15]), 

depending on Tox, tox and the parent alloy composition. 

2.2.3 Structural and compositional characterization 

The structure of the as-deposited and oxidized am-AlxZr1-x specimens was investigated 

by X-ray diffractometry on a Bruker D8 Discover diffractometer equipped with a Cu X-

ray anode (40 kV/30 mA). In combination with an X-ray lens, a parallel-plate collimator 

and an energy-dispersive detector, X-ray diffraction (XRD) θ-2θ scans were recorded in 

parallel-beam geometry using Cu-Kα radiation (λ = 1.54056 Å) in a continuous 

scanning mode over a 2θ range of 10° - 65°. 

The chemical state of oxygen in the grown oxide layer was investigated by X-ray 

photoelectron spectroscopy (XPS) in a Thermo VG Thetaprobe XPS system (base 

pressure < 2·10-8 Pa) using monochromatic Al Kα radiation (hν = 1486.68 eV, analysis 

area ∼400 µm in diameter). First, the oxidized am-AlxZr1-x specimen (am-Al0.51Zr0.49, 

oxidized at 350 °C for 10 hours) was sputter-cleaned with 1 keV Ar+ for 240 seconds 

(sputtered area of 2×2 mm2; sputter rate of about 1 nm/min) in the XPS system to 

remove surface contaminations. Then, the O 1s spectrum in a binding energy (BE) 

region of 526 - 539 eV was recorded with a step size of 0.1 eV at a constant pass energy 

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

                                                 
1 In order to obtain an oxygen partial pressure of pO2 = 1 × 105 Pa at the oxidation temperature Tox = 
350 °C, the evacuated quartz ampoules were filled at room temperature (RT) with pure oxygen gas up to 

pO2 = 4.70 × 104 Pa, which corresponds to pO2 = 1 × 105 Pa at Tox = 350 °C. Analogously, quartz ampoules 
were prepared for higher oxidation temperatures. 
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Ref. [16]. In order to obtain information about the local chemical environment of 

oxygen in the oxidized am-AlxZr1-x alloy surface, its O1 s spectrum was compared to 

recordings of the O1 s XPS spectra of an oxidized Zr(0001) single crystal surface 

(oxidation conditions: 227 °C, 10-4 Pa, 2 h) and of an oxidized Al(100) single crystal 

surface (oxidation conditions: 27 °C, 1 Pa, 95 minutes). 

The structure of and the elemental distribution in the developing oxide layer and 

the adjacent am-AlxZr1-x alloy were investigated by high-resolution transmission 

electron microscopy (TEM) in combination with electron energy loss spectroscopy 

(EELS) elemental mapping in a scanning transmission electron microscope (STEM, 

JEOL JEM-ARM200F). EELS elemental mapping was performed by recording spectra 

point-by-point (i.e. a set of EELS spectra at each point/pixel) in a region of interest as 

observed in the STEM. The noise in the recorded EELS spectra was filtered by principal 

component analysis [17, 18] utilizing the Gatan DigitalMicrograph software. A power-

law background was subtracted from the filtered EELS spectra to determine the signal 

intensities of the O K edge, the Al L edge and the Zr M edge. On this basis elemental 

maps of Al, Zr and O were constructed. 

Auger electron spectroscopy (AES) sputter-depth profiling was performed, using 

a JEOL JAMP 7830F Scanning Auger Microscope (for details of the experimental set-

up, see [19]), to obtain information on the compositional distribution in the developing 

oxide layer and the underlying am-AlxZr1-x alloy substrate. An AES sputter-depth 

profile was obtained in a so-called discontinuous sputtering mode, where spectra of the 

Al LMM, Zr MNN and O KLL Auger lines were recorded after each successive ion 

sputtering step. Sputtering was performed with a focused 1 kV Ar+ beam (a 2 kV Ar+ 

beam for am-AlxZr1-x specimens with relatively thick oxide layers), scanning an area of 

500×500 µm2. Concentration-depth profiles derived from the spectral contributions of 

the oxidic and metallic species were obtained by linear least-squares fitting of the 

differential AES spectra (Phi-MultiPak software, version 7.5) and by multiplying the 

obtained peak-to-peak intensities with experimentally determined relative sensitivity 

factors. The relative sensitivity factors for metallic Al and metallic Zr were obtained 

directly from the recorded spectra of Al LMM and Zr MNN of an as-deposited am-

Al xZr1-x alloy of known composition (i.e. am-Al0.68Zr0.32, measured by ICP-OES) and at 

the end of the sputter-depth profile (i.e. at a depth where pure substrate (am-AlxZr1-x 

alloy) occurs). The relative sensitivity factors for oxidic Al, oxidic Zr and O were 

obtained following the approach described in [19]. The thus experimentally determined 
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sensitivity factors (with respect to metallic Al) are: �Al � 1, �Zr � 1.05, �Zrox � 0.77, 

�Alox � 0.93, �O � 1.59. Conversion of the sputter time to the (approximate) sputter 

depth was done straightforwardly for each sputter-depth profile on the basis of the 

known oxide-layer thickness as obtained from the SE investigations [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 am-AlxZr1-x alloys confirm the 

amorphous nature of the ZrxAl 1-x coatings: only very broad intensity humps, in a range 

of 2θ  ~ 35° - 38°, are observed for the alloys of different composition (Figure 2.1a). 

The recorded XRD patterns of the oxidized am-AlxZr1-x alloys (0.26 ≤ x ≤ 0.51) after 

oxidation at 400 °C for 10 h and of the am-Al0.68Zr0.32 alloy after oxidation at 400 °C for 

even 20 h also do not show any diffraction peak, indicative of a developing crystalline 

intermetallic Zr-Al alloy phase and/or a crystalline pure ZrO2, Al2O3 or mixed (Al,Zr)-

oxide phase (see Figure 2.1b). It follows that the evolving oxide-layer/alloy-substrate 

system maintains fully XRD amorphous over the temperature range of 350 °C to 

400 °C. 

 

 

Figure 2.1: X-ray diffraction patterns (Cu-Kα radiation) of am-AlxZr1-x specimens of different 

compositions x (x = 0.26, 0.35, 0.51, 0.68): a) as-deposited and b) after thermal oxidation at 

400 °C for 10 h (x = 0.26, 0.35, 0.51) and for 20 h (x = 0.68). 
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A cross-sectional bright-field TEM micrograph of a typical oxide layer (formed 

on the am-Al0.51Zr0.49 alloy after oxidation at 400 °C for 10 h) with its corresponding 

selected area diffraction pattern (SADP), recorded from a region comprising both the 

oxide and the alloy layer, is shown in Figure 2.2a. The TEM analysis confirms that, 

even after prolonged oxidation at an elevated temperature of 400 °C, both the oxide 

overgrowth and the parent alloy remain fully amorphous. The amorphous oxide 

overgrowth possesses a uniform thickness of about 40 nm (after 10 hours of oxidation at 

400 °C). A cross-sectional annular dark-field TEM micrograph of the amorphous oxide 

layer and its corresponding elemental O, Zr, Al and combined (O+Zr+Al) maps, as 

recorded by subnanometer-resolution EELS elemental mapping (cf. Section 2.2.3), are 

shown in Figure 2.2b-f. The TEM-EELS analysis shows a homogenous distribution of 

all three elements (Al, Zr and O) and does not reveal any indication of nucleation (i.e. 

crystallization) and/or phase separation in the amorphous oxide layer, not even at the 

subnanometer scale (see in particular Figure 2.2f for a combined image of the Al, Zr 

and O maps). These results imply that the oxide layer is composed of a single, 

homogenous ternary amorphous oxide phase. 

 

 

Figure 2.2: a) Bright-field TEM image of an am-Al0.51Zr0.49 specimen oxidized at 400 °C for 

10 h, in which the formation of an amorphous oxide layer at the surface region is clearly 

observable. The inset shows the selected area diffraction pattern of the region comprising both 

the amorphous oxide and the adjacent substrate (the aperture diameter used was about 130 nm, 

containing both the amorphous oxide layer and the underlying amorphous solid solution 

substrate). The amorphous oxide layer, shown in the annular dark field TEM image in b), has 

been analyzed by EELS elemental mapping of c) Zr, d) O and e) Al at very high (subnanometer) 

spatial resolution. A combined image of the O, Zr and Al EELS mappings is shown in f). 

a) b) ADF c) Zr

d) O e) Al

f) Zr+O+Al

surface/glue

am-(Al,Zr)-oxide

am-Al Zr0.51 0.49
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The O 1s core-level spectrum, as recorded by XPS from the amorphous (Al,Zr)-

oxide layer (see Figure 2.3), is constituted of a narrow and (more or less) symmetric 

single peak positioned at a BE of about 531.8 ± 0.1 eV, i.e. in between the 

corresponding O 1s BE values of pure Al2O3 (i.e. 532.2 ± 0.1 eV) and pure ZrO2 (i.e. 

531.3 ± 0.1 eV), as recorded from oxidized Al(100) and Zr(0001) single crystalline 

surfaces (cf. section 2.2.3), respectively. This observation is compatible with the above 

conclusion that the Al and Zr cations in the amorphous oxide phase are distributed 

homogenously on an atomic scale, corresponding to an (Al-O-Zr)-type local bonding 

configuration. Co-existing local chemical environments similar to those of pure Al2O3 

and pure ZrO2 were not observed (in such a case, either two O 1s main peaks would be 

resolved or the O 1s spectral envelope would be broader and likely (more) asymmetric). 

It can be concluded also that the XPS analysis indicates that the amorphous oxide layer 

is composed of a homogenous (Al,Zr)xOy ternary oxide phase (rather than a mixture of 

amorphous ZrO2 and Al2O3 binary oxides). 

 

 

Figure 2.3: Normalized O1s XPS spectra of (i) an oxidized Zr(0001) single crystal surface 

(oxidation conditions: 227 °C, pO2 = 10-4 Pa, 2 h [20]), (ii)  the oxidized am-Al0.51Zr0.49 alloy 

(oxidation conditions: 350 °C, pO2 = 105 Pa, 10 h) and (iii)  an oxidized Al(100) single crystal 

surface (oxidation conditions: 27 °C, pO2 = 1 Pa, 95 minutes; see Ref. [21]). 
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2.3.2 Oxide composition upon oxidation of am-AlxZr1-x (0.26 ≤ x ≤ 0.68) 

alloys 

The chemical compositions of the grown oxide layers and of the underlying amorphous 

alloys upon thermal oxidation were investigated by AES sputter-depth profiling. The 

measured AES elemental concentration-depth profiles of Al and Zr in their metallic 

(further designated as Almet and Zrmet) and oxidic (further designated as Alox and Zrox) 

states, as well as of O, are plotted for the various parent alloy compositions and 

oxidation temperatures (at a constant oxidation time of 10 h) in Figure 2.4. The grown 

oxide layers on am-AlxZr1-x alloys (in a composition range of 0.26 ≤ x ≤ 0.68) contain 

both Alox and Zrox spectral contributions over the depth range of the whole oxide layer. 

The Alox/Zrox atomic ratio (for quantitative analyses, see below) in the oxide layers was 

found to be practically constant for most of the oxidized specimens, independent of the 

(sputter) depth, the parent am-AlxZr1-x substrate composition and Tox. It is further 

evident from the AES profiles that the oxygen concentration in the am-AlxZr1-x alloy 

substrates, underneath the oxide layers, increases considerably with increasing Zr 

content, indicating that the oxygen solubility in the am-AlxZr1-x alloy substrate increases 

with the Zr content of the alloy substrate. 

The overall composition of the grown oxide layers, expressed by the averaged 

Al ox/Zrox atomic ratio2 (as determined from the AES data) across the oxide layer for 

different oxidation conditions (for am-AlxZr1-x alloys (x = 0.26, 0.35, 0.51 and 0.68): 

350 °C (tox = 10 h), 375 °C (tox = 10 h), 400 °C (tox = 10 h), 500 °C (tox = 1 h)3; for am-

Al xZr1-x alloy (x = 0.51): 560 °C (tox = 10 h)), is plotted in Figure 2.5 as function of the 

initial Al/Zr ratio (i.e. = x/(1-x)) of the parent am-AlxZr1-x alloy substrate prior to each 

oxidation. Evidently, the Alox/Zrox ratio of the grown oxide layers is practically constant 

at about 0.5, independent of both the Al/Zr ratio in the parent am-AlxZr1-x alloy (for 0.26 

≤ x ≤ 0.68) and the oxidation temperature (for 350 °C ≤ T ≤ 500 °C, for am-Al0.51Zr0.49: 

350 °C ≤ T ≤ 560 °C). This implies that the composition of the grown, homogenous 

                                                 
2 The concentration of oxygen $O in all investigated oxide layers fits well, within the error of the AES 
analyses, with $O � 1.5$Alox + 2$Zrox (cf. Figure 2.4). 
3 At an oxidation temperature ≥ 500 °C only the am-Al0.51Zr0.49 alloy remains fully amorphous (cf. [19]). 
For the other am-AlxZr1-x alloy compositions (i.e. x = 0.26, 0.35 and 0.68), intermetallic phases start to 

crystallize from the alloy at T ≥ 500 °C. Nonetheless, the oxide layer formed on all alloys is fully 

amorphous also at T ≥ 500 °C and its composition remains unchanged. 
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oxide layers (an Al-Zr-O ternary oxide phase) can be given as (Al0.33Zr0.67)O1.83 

[= (AlO1.5)1(ZrO2)2]. 

 

Figure 2.4: AES elemental concentration-depth profiles of am-AlxZr1-x solid solution substrates 

of different compositions x = 0.26 (1), 0.35 (2), 0.51 (3) and 0.68 (4), after oxidation at different 

temperatures of 350 °C (a), 375 °C (b) and 400 °C (c) for 10 hours at pO2 = 105 Pa, respectively. 

Note the different thicknesses of the oxide layers and that C contamination in surface-near 

regions (not considered in the quantification) has influenced the AES measurement in the 

beginning of the sputter-depth profiling (leading to unrealistically high amount of oxygen in the 

beginning of each measurement). 
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Figure 2.5: The Alox/Zrox ratio in the grown amorphous oxide (unfilled circles) and the 

Al met/Zrmet ratio in the original am-AlxZr1-x substrate (crosses) upon thermal oxidation of am-

Al xZr1-x alloys of different (initial) compositions at the temperatures indicated. 

The composition of the oxide layer grown on the Al-richest, am-Al0.68Zr0.32 alloy 

is not fully homogenous (see 4a – 4c in Figure 2.4). The observed Al-rich oxide phase 

in the near-surface region may have formed during the very fast oxide growth at the 

initial stage of the oxidation [1]. During the subsequent, slower oxidation stage, the 

oxide-layer composition for this Al-richest am-AlxZr1-x alloy then (also) changes to that 

of a Zr ox-rich oxide with an Alox/Zrox ratio of 0.66 at 400 °C and at T ≥ 500 °C (for 1 h) 

with a constant Alox/Zrox ratio of about 0.5, in agreement with all other alloy 

compositions studied. 

The above results can be summarized as follows: The grown oxide layers on the 

am-AlxZr1-x alloys 

(i) are fully amorphous (by XRD and TEM with SADP); 

(ii)  have homogenous Alox and Zrox cation distributions down to the atomic scale 

(XPS and TEM with subnanometer-scale EELS mappings); 

(iii)  have a homogenous composition with a constant Alox/Zrox ratio of 0.5, 

independent of the alloy substrate composition and the oxidation temperature 

(AES). 
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The oxide layer grown on the am-AlxZr1-x alloys consists of an amorphous, 

stoichiometric (Al0.33Zr 0.67)O1.83 ternary oxide phase, independent of both the parent 

alloy composition (for 0.26 ≤ x ≤ 0.68) and the oxidation temperature (for 350 °C ≤ T ≤ 

500 °C, for am-Al0.51Zr0.49: 350 °C ≤ T ≤ 560 °C). 

2.4 Discussion 

The experimental finding of both an amorphous and stoichiometric (Al0.33Zr 0.67)O1.83 

ternary oxide phase upon thermal oxidation is rather unexpected, because the 

pseudo-binary phase diagram (at 1 atm) of the Al2O3-ZrO2 system predicts neither the 

occurrence of a mixed (Zr,Al)-oxide compound phase nor a considerable mutual solid 

‘solubility’ of the pure phases Al2O3 and ZrO2 at temperatures up to their eutectic point 

of 1856 °C [22]. 

In the following the amorphous nature of the oxide (section 2.4.1) and its singular 

composition (section 2.4.2) are addressed. 

2.4.1 Amorphous nature of the (Al0.33Zr0.67)O1.83 ternary oxide phase 

As known from a recent study [19], thermal oxidation of am-AlxZr1-x alloys, which are 

initially covered with an amorphous native (Al,Zr)-oxide film, proceeds by oxygen 

dissolution into the am-AlxZr1-x alloy substrate accompanied by subsequent growth of 

an amorphous (Al,Zr)-oxide layer into the oxygen-enriched amorphous solid solution 

phase once the oxygen solubility limit in the am-AlxZr1-x alloy substrate adjacent to the 

alloy/oxide interface is exceeded. 

The formation of an amorphous oxide layer in the very beginning of oxidation is 

in line with recent studies, where it has been shown that very thin amorphous oxide 

layers (< 3 nm), formed during the initial oxidation process of crystalline metals [9, 23] 

and alloys [24], can be thermodynamically more stable compared to their crystalline 

counterparts due to their relatively low surface and interface energies. However, as soon 

as the amorphous oxide layer exceeds a critical thickness (typically in the range of 1 – 3 

nm), the crystalline oxide phase should become the thermodynamically preferred one 

[10]. In the case of oxidation of am-AlxZr1-x alloys, the expected stable phases are the 

crystalline oxide phases Al2O3 (presumably γ-Al 2O3 [9, 10]) and ZrO2 (presumably 

tetragonal ZrO2, further designated as t-ZrO2 [19]), since neither a ternary crystalline 

(Al,Zr)-oxide compound phase nor a considerable mutual ‘solubility’ of crystalline 

Al 2O3 and ZrO2 are observed in the pseudo-binary Al2O3-ZrO2 system [22]. Hence, at 
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first glance, transformation of the formed amorphous (Al,Zr)-oxide phase (here: 

(Al 0.33Zr0.67)O1.83) into the mentioned crystalline oxide phase(s) is expected. However, 

the formation of these crystalline oxide phases in the amorphous (Al0.33Zr0.67)O1.83 oxide 

phase is not observed, even though the amorphous (Al0.33Zr0.67)O1.83 oxide layers attain 

a very large thickness (4 nm - 160 nm) by growth into the am-AlxZr1-x[O] solid solution. 

Also, no formation of crystalline oxide phases in the amorphous AlxZr1-x[O] solid 

solution phase is observed. Apparently, the nucleation of crystalline oxide phases (i.e. 

γ-Al 2O3 and t-ZrO2) is inhibited in both the amorphous (Al0.33Zr0.67)O1.83 oxide phase 

and the amorphous AlxZr1-x[O] solid solution phase (at least within the studied 

compositional and temperature ranges of 0.26 ≤ x ≤ 0.68 and 350 °C ≤ T ≤ 560 °C).4 

According to classical nucleation theory, for formation of a (spherical) particle, a 

nucleation barrier, ∆G* = 16πγ3/3(∆Gchem+ ∆Gstrain)
2 [25], must be surpassed, which is 

defined by the contributions of the chemical Gibbs energy, ∆Gchem (< 0), the interface 

energy, γ (> 0), associated with the formation of interfaces, and the strain 

energy, ∆Gstrain (> 0), associated with the (elastic) accommodation of volume misfit of 

the parent phase (here: amorphous (Al0.33Zr0.67)O1.83 oxide or am-AlxZr1-x[O] solid 

solution) and of the product phase (here: crystalline oxide). For precipitates of a 

crystalline phase in an amorphous matrix, the misfit-strain energy may be negligible as 

a consequence of rapid stress relaxation in the amorphous matrix. Then, the formation 

of the crystalline oxide phases (in both the amorphous (Al0.33Zr0.67)O1.83 oxide phase 

and the am-AlxZr1-x[O] solid solution) can be inhibited by a high energy barrier for the 

nucleation of crystalline oxide phases due to the creation of the new interfaces. 

However, the nucleation of crystalline γ-Al 2O3 and t-ZrO2 phases within the 

amorphous (Al0.33Zr0.67)O1.83 oxide phase or within the amorphous am-AlxZr1-x[O] solid 

solution phase may also be inhibited by diffusional constraints. Because the solubility of 

Al and Alox in the crystalline oxide phase t-ZrO2 and, vice versa, the solubility of Zr and 

Zrox in the crystalline oxide phase γ-Al 2O3 are extremely low [22, 26, 27], the 

development of crystalline oxides, t-ZrO2 and γ-Al 2O3, either in the amorphous AlxZr1-

x[O] solid solution phase or in the amorphous (Al0.33Zr0.67)O1.83 oxide phase would 

involve significant compositional redistribution, which requires pronounced atomic 

                                                 
4 Note that at relatively high oxidation temperatures (T ≥ 560°C) and prolonged oxidation times 
crystalline compounds as t-ZrO2 do develop at the interface between the amorphous (Al 0.33Zr0.67)O1.83 
oxide phase and the O-saturated am-AlxZr1-x[O] solid solution [19]. 
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diffusion in both the amorphous AlxZr1-x[O] solid solution and the amorphous 

(Al 0.33Zr0.67)O1.83 oxide. At the relatively low oxidation temperatures (below 560 °C), 

pronounced diffusion may not occur and thus the formation of nuclei of the crystalline 

oxide phases would be obstructed. Note that the growth of the amorphous 

(Al 0.33Zr0.67)O1.83 oxide phase at the interface with the O-saturated am-AlxZr1-x[O] solid 

solution phase requires less severe compositional rearrangement. 

2.4.2 Stoichiometric composition of the (Al0.33Zr0.67)O1.83 ternary oxide 

phase 

The well-defined stoichiometry of the (Al0.33Zr0.67)O1.83, oxide phase grown on the am-

Al xZr1-x solid solution substrate, independent of both the substrate composition (for 0.26 

≤ x ≤ 0.68) and the oxidation temperature (for am-AlxZr1-x (0.26 ≤ x ≤ 0.68): 350 °C ≤ T 

≤ 500 °C, for am-Al0.51Zr0.49: 350 °C ≤ T ≤ 560 °C), strongly suggests a predominant 

role of thermodynamics in controlling the amorphous oxide growth. Thus, 

thermodynamic modeling and calculation of the pseudo-binary AlO1.5-ZrO2 system was 

performed using the CALPHAD approach [28]. Since the structure of an amorphous 

phase resembles that of the corresponding liquid phase of disordered structure, the 

amorphous oxide phase (AlO1.5)y(ZrO2)1-y was treated as a configurationally frozen 

liquid below the glass transition temperature by extrapolating the thermodynamic data 

of the corresponding liquid phase above the melting temperature to below the glass 

transition temperature. Note that an extreme extrapolation of thermodynamic data from 

high temperatures can lead to an underestimation of the enthalpy of mixing at low 

temperatures [29]. 

A CALPHAD assessment of the Al2O3-ZrO2 pseudo-binary system has been made 

in Ref. [30] on the basis of the thermodynamic data presented in Refs. [31] and [32]. 

The liquid/amorphous phase is described by a regular solution model for ionic melts, 

i.e. the two-sublattice ionic liquid model (see [33] and references therein). This model 

consists of two sublattices, where one sublattice is filled with cations (Zr'() and the 

other one is filled with anions of O)* and neutral5 constituents (AlO+.,- ). Thus the 

liquid/amorphous Al2O3-ZrO2 solution phase is described as 
Zr'(
.
O)*, AlO+.,- 
0. P 

and Q denote the number of sites of the cation and ‘anion/neutral’ sublattices, 

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

                                                 
5 It is assumed that the bonding in Al2O3 has considerable covalent nature [33]. 
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energy of formation of the ternary amorphous oxide phase, ∆2
am-�Zr4+:O2-, AlO1.5

0 �
3, 45
 can 

then be expressed as function of the composition by use of the parameter Yi (i	�	Zr4+,O2-,
AlO1.5

0 ), which is the fraction of sublattice sites occupied by the species i (for the 

present system: 4Zr4+ � 1,		4
O2- + 4AlO1.5

0 � 1,6 7 � 2489: and 	; � 4). It thus follows 

that ∆2
am-�Zr4+:O2-, AlO1.5

0 �
3, 45
, given in Joule per mole of =
Zr4+
P>O2-,	AlO1.5
0 ?

Q
@, can be 

calculated according to: 

 

∆2
am-�Zr4+:O2-, AlO1.5

0 �
3, 45

� 7 ∙ B3>4Zr4+ ln 4Zr4+? + ; ∙ B3 �4O2- ln 4O2- + 4AlO1.5

0 ln 4AlO1.5
0 �

+ 4Zr4+4O2-4AlO1.5
0 � CZr4+:O2-, AlO1.5

0 +- CZr4+:O2-, AlO1.5
0 �4O2- − 4AlO1.5

0 �+ � ,  

(2.1) 

 

where C-  and C	+ are constants of the Redlich-Kister polynomial [30]: 

C
Zr4+:O2-, AlO1.5

0 � 50000		J/mol- ; C
Zr4+:O2-, AlO1.5

0 � −40000		J/mol+ . 

With this model, the Gibbs energy of formation of the liquid/amorphous AlO1.5-ZrO2 

solution phase was calculated at low (supercooled) temperatures. The thus calculated 

Gibbs energy of formation ∆G (in J/mol-oxygen)7 curves of the am-(AlO1.5)y(ZrO2)1-y 

oxide phase as function of the mole fraction of AlO1.5, y, with respect to the Gibbs 

energies of formation of the pure amorphous oxide components (am-AlO1.5 and am-

ZrO2), are shown in Figure 2.6a for different temperatures in the range of 350 °C – 

400 °C. The ∆G curve at 400 °C shows an outspoken minimum at the composition of y 

= 0.33 (i.e. (AlO1.5)0.33(ZrO2)0.67), which agrees very well with the Alox/Zrox-ratio of 

about 0.5 of the experimentally observed, amorphous (Al0.33Zr0.67)O1.83 oxide phase, 

developing at 350 °C - 500 °C (and for am-Al0.51Zr0.49: developing at 350 °C ≤ T ≤ 

560 °C). Note that a slight dependence of the minimum in the ∆G curves of the am-

(AlO1.5)y(ZrO2)1-y oxide phase with temperature can be observed. However, the possibly 

resulting change in oxide composition, i.e. in the Al ox/Zrox-ratio, is too small to be 

experimentally resolved by AES. 

                                                 
6 The site fraction YO2- (and thereby YAlO1.5

0) is determined by the oxide composition according to: YO2- = 
2xZrO2⁄(xZrO2+1)), where xZrO2 is the molar fraction of ZrO2. 
7 ∆G in J/mole oxygen = [(∆G in J/mole-(Zr4+)P(O

2-, AlO1.5
0)Q )]/ (4YO2-+6(1-YO2-)). 
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Figure 2.6: a) Gibbs energy of formation for the am-(Al,Zr)-oxide phase at 350 °C, 375 °C and 

400 °C, modeled as a (configurationally frozen) homogenous solution of liquid ZrO2 and liquid 

Al 2O3 supercooled to the respective temperature, as calculated by the CALPHAD method. 

Reference state: liquid ZrO2 and liquid Al2O3. b) Schematic illustration of the Gibbs energies of 

the am-(Al,Zr)-oxide and am-AlxZr1-x[O] solid solution phases, staying in equilibrium during the 

oxidation process. c) The corresponding ternary phase diagram of Al, Zr and O pertaining to a 

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

On this basis, the oxidation process of the am-AlxZr1-x alloys (solid solutions) can 

be understood as follows: At the onset of oxidation, oxygen dissolves into the 

amorphous AlxZr1-x solid solution substrate, forming an am-AlxZr1-x[O] solid solution 

phase (see Sec. 2.4.1). As soon as the oxide solubility limit in the alloy solid solution is 

reached, the am-(Al,Zr)-oxide phase begins to form and a thermodynamic equilibrium is 

established of the (surrounding, remaining) am-AlxZr1-x[O] solid solution phase with the 

am-(Al,Zr)-oxide phase. On the basis of the calculated Gibbs energy of formation ∆G 

curve of the am-(AlO1.5)y(ZrO2)1-y phase (Figure 2.6a) and the experimentally 

determined O solubility limit in am-AlxZr1-x solid solution substrates (which is strongly 

dependent on x; cf. Figure 2.4), a three-dimensional representation of the Gibbs energy 
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surfaces ∆Gam-AlZr[O] and ∆Gam-(Al,Zr)-oxide, for the concurring amorphous Al-Zr alloy 

phase and amorphous oxide phase, respectively, has been constructed schematically; see 

Figure 2.6b. The shape of the ∆Gam-AlZr[O] – surface of the am-AlxZr1-x[O] solid solution 

phase is entirely schematic, but representing the wide stability range of the am-AlxZr1-x 

solid solution phase and accounting as well for the concentration dependency of the 

oxygen solubility in the am-AlxZr1-x solid solution phases. The shape of the 

∆Gam-(Al,Zr)-oxide surface was drawn according to the calculated Gibbs energy of 

formation ∆G of the am-(AlO1.5)y(ZrO2)1-y phase and considering the known narrow 

(almost singular) compositional ranges of the pure (amorphous) oxide phases, Al2O3 

and ZrO2. The common-tangent plane, representing the equilibrium state for the 

coexisting phases, touches both the ∆Gam-AlZr[O] surface and the ∆Gam-(Al,Zr)-oxide surface 

in a single point for each surface. This single point for the ∆Gam-(Al,Zr)-oxide surface is 

located close to/at the minimum of the ∆Gam-(Al,Zr)-oxide surface occurring at a 

composition of y = 0.33 (i.e. (AlO1.5)0.33(ZrO2)0.67) at T = 400 °C; see the connecting 

(red, dashed) line in Figure 2.6b, corresponding with the (red, continuous) tie line in 

Figure 2.6c. The deep minimum at y = 0.33 for the Gibbs energy of formation of the 

am-(AlO1.5)y(ZrO2)1-y oxide phase (Figure 2.6a), leads to a series of possible equilibria 

of the am-AlxZr1-x[O] solution phase of wide compositional range, 0.26 ≤ x ≤ 0.68, and 

the am-(AlO1.5)y(ZrO2)1-y oxide phase of practically singular composition given by y = 

0.33: These are represented by the tie-lines in the compositional triangle, shown in 

Figure 2.6c, which bridge the ‘am-AlxZr1-x[O] solid solution + am-(AlO1.5)y(ZrO2)1-y 

oxide’ two-phase field in the metastable ternary phase diagram (involving only the 

amorphous phases). As a result, an amorphous (Al0.33Zr0.67)O1.83 phase forms 

exclusively during oxidation of am-AlxZr1-x alloys, regardless of the original am-AlxZr1-x 

alloy composition (0.26 ≤ x ≤ 0.68). 

2.5 Conclusions 

• An amorphous ternary oxide phase with a single, well-defined stoichiometry, 

am-(Al 0.33Zr0.67)O1.83, emerges during thermal oxidation of binary amorphous 

Al xZr1-x solid solutions over wide ranges of alloy composition (0.26 ≤ x ≤ 0.68) 

and oxidation temperature (350 °C – 560 °C). 

• The occurrence of an amorphous (Al0.33Zr0.67)O1.83 oxide phase, rather than the 

crystalline oxide phases, can be associated with a high nucleation barrier for the 

crystalline phases(s) owing to relatively high interface energies and/or kinetic 
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obstruction of the diffusional transport and structural rearrangement required for 

the development of crystalline compounds (as ZrO2 and Al2O3). 

• The practically singular composition of the amorphous oxide phase, 

(Al 0.33Zr0.67)O1.83, can be explained on a fully thermodynamic basis: Conceiving 

the amorphous ternary oxide phase as a liquid oxide-oxide solution phase, which 

is supercooled to low (oxidation) temperatures, the equilibrium of the 

amorphous solid solution phase and the amorphous oxide phase is realized for a 

wide range of composition of the solid solution and amorphous oxide phase, 

(Al 0.33Zr0.67)O1.83, with practically constant composition of the oxide phase as a 

consequence of the deep minimum of the ∆Gam-(Al,Zr)-oxide surface, occurring at a 

composition of y = 0.33 (i.e. (AlO1.5)0.33(ZrO2)0.67). 

• This study thus shows the dominant role of thermodynamics in controlling the 

ternary oxide phase composition, even for the growth of amorphous oxides 

occurring under conditions (far) away from genuine thermodynamic equilibrium 

for bulk phases. 
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Chapter 3 

3 Oxidation kinetics of amorphous AlxZr1-x alloys 

 

K. Weller, Z. M. Wang, L. P. H. Jeurgens and E. J. Mittemeijer 

 

Abstract 

The oxidation kinetics of amorphous AlxZr1-x 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 constant pO2 = 1 × 105 Pa) by a combinatorial approach using 

spectroscopic ellipsometry (SE), Auger electron spectroscopy (AES) depth profiling, 

transmission electron microscopy (TEM) and X-ray diffraction (XRD) analysis. 

Thermal oxidation of the am-AlxZr1-x alloys results in the formation of an amorphous 

oxide overgrowth with a thermodynamically preferred singular composition, 

corresponding to a constant Alox/Zrox ratio of 0.5. Both the solubility and the diffusivity 

of oxygen in the am-AlxZr1-x alloy substrate increase considerably with increasing Zr 

content, in particular for Zr contents above 49 at.% Zr. Strikingly, the oxidation kinetics 

exhibit a transition from parabolic oxide growth kinetics for Al-rich am-AlxZr1-x alloys 

(x ≥ 0.51) to linear oxide growth kinetics for Zr-rich am-AlxZr1-x alloys (x < 0.35). The 

underlying oxidation mechanism is discussed. It is concluded that the oxidation kinetics 

of the amorphous AlxZr1-x alloys for 0.26 ≤ x ≤ 0.68 and 350 °C ≤ T ≤ 400 °C are 

governed by: (i) the atomic mobilities of O and Al in the alloy substrate at the reacting 

oxide/alloy interface, (ii) the solubility of O in the substrate and (iii) the compositional 

constraint due to the thermodynamically preferred formation of an amorphous oxide 

phase of singular composition.  

3.1 Introduction 

It has long been recognized that the properties of metals and alloys (e.g. corrosion 

resistance, electrical conductivity, adhesion) are strongly influenced by the presence of 

the surficial oxide layer, which forms naturally on metallic surfaces in an oxidizing 

gaseous or liquid environment. Functional properties of metal-based components and 
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devices can thus be optimized by controlled (pre-)oxidation as a function of e.g. the 

alloy composition, the oxidation temperature (T), the oxidation time (t) and the oxygen 

partial pressure (pO2). Such fine-tuning of the microstructure and thus properties of 

oxide overgrowths requires fundamental understanding of the underlying oxidation 

mechanism [1-4]. Whereas the oxidation behavior of crystalline metallic materials has 

been investigated extensively [5-7], the oxidation behavior of amorphous metallic 

materials has received much less attention and, consequently, a thorough understanding 

of the oxidation mechanisms of amorphous metallic alloys lacks, despite the increasing 

interest in and many potential applications of such amorphous metallic materials. 

Zr-based bulk metallic glasses have gained significant interest in recent years, as 

they possess good corrosion resistance, high elastic strain limit, high strength and good 

biocompatibility [8, 9]. In order to predict and improve their long-term reliability in 

real-life applications, it is essential to investigate and understand their long-term 

stability under realistic conditions, often involving an oxidizing environment. Up to 

date, only few studies [10-12] have been devoted to the oxidation of amorphous AlxZr1-x 

alloys, which have mainly focused on the developing oxide microstructure. For 

example, the complete transformation of the amorphous alloy layer into an amorphous 

oxide phase has been reported for the thermal oxidation of 150 nm thick amorphous 

Al xZr1-x alloy layers (x = 0.293 – 0.62) up to 700 °C [10]. The formation of an 

amorphous (Al,Zr)-oxide overgrowth for the thermal oxidation of amorphous AlxZr1-x 

alloys over a wide compositional range of x = 0.26 – 0.68 and oxidation temperatures up 

to 500 °C was also evidenced in Ref. [11]. The amorphous state of the thickening oxide 

overgrowth was fully preserved at elevated temperatures up to 500 ºC and for very thick 

oxide layers (exceeding 300 nm) due to favorable interface energies of the amorphous 

oxide with the am-AlxZr1-x alloy substrate and a kinetic constraint for the formation of 

the crystalline (Al2O3 and/or ZrO2) oxide phases. Strikingly, the amorphous (Al,Zr)-

oxide overgrowth has a single homogeneous composition (Al0.33Zr0.67)O1.83, 

independent of the parent am-AlxZr1-x alloy composition (0.26 ≤ x ≤ 0.68) and the 

applied oxidation temperature [11]. This recent experimental finding was found to have 

a thermodynamic origin, as supported by thermodynamic model calculations, treating 

the amorphous (Al,Zr)-oxide phase as an undercooled liquid oxide-oxide (Al2O3-ZrO2) 

solution phase [11].  

Up to date, the oxidation kinetics of am-AlxZr1-x alloys as a function of alloy 

composition and oxidation temperature has not yet been reported. The present study 
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addresses the growth kinetics of the amorphous (Al,Zr)-oxide layer of singular 

composition, as developing on amorphous AlxZr1-x (am-AlxZr1-x) alloy substrates (solid 

solution) over the compositional range of 0.26 ≤ x ≤ 0.68 at various oxidation 

temperatures in the range of 350 °C – 400 °C (all at a constant partial oxygen pressure 

of pO2 = 1×105 Pa). To this end, the oxide-layer growth kinetics were established by ex-

situ spectroscopic ellipsometry (SE). In addition, to elucidate the underlying oxidation 

mechanism, the compositional changes in the parent alloy adjacent to the oxide/alloy 

interface due to (i) the dissolution and diffusion of oxygen into the amorphous alloy and 

(ii) the preferred oxidation of Al or Zr (depending on the bulk alloy composition) has 

been investigated by Auger electron spectroscopy (AES) depth profiling analyses. The 

investigations demonstrate a strong dependence of the oxidation kinetics on the am-

Al xZr1-x alloy composition. 

3.2 Experimental procedures and data evaluation 

3.2.1 Specimen preparation 

Si(100) wafers, covered with a 50 nm-thick am-SiO2 bottom layer and a 50 nm-thick 

am-Si3N4 top layer, were employed as substrates. The Si wafer substrates were 

introduced into a vacuum chamber for magnetron sputtering (base pressure < 5×10-8 

mbar) and subsequently sputter-cleaned by Ar+ plasma treatment for 1 minute, applying 

an acceleration voltage of 105 V. Next amorphous AlxZr1-x coatings (thickness 2 µm) 

were deposited at room temperature (RT) by co-sputtering from elemental targets of Al 

(99.9995 wt.%) and Zr (98.5 wt.%). Amorphous AlxZr1-x coatings of different 

compositions were obtained by maintaining a constant power of 100 W on the Zr target 

and a constant equilibrium Ar gas pressure of 5×10-3 mbar, while varying the power on 

the Al target (PAl) in the range of 20 W – 144 W; i.e. am-Al0.26Zr0.74 for PAl = 20 W, 

am-Al0.35Zr0.65 for PAl = 28 W, am-Al0.51Zr0.49 for PAl = 53 W and am-Al0.68Zr0.32 for PAl 

= 101 W. The denoted coating compositions were determined by inductively coupled 

plasma optical emission spectrometry (ICP-OES). For further details, see Ref. [11]. 

3.2.2 Oxidation 

The as-deposited am-AlxZr1-x specimens were cut into small pieces (lateral dimensions: 

7×14 mm2) and enclosed in quartz ampoules. To ensure identical oxidation conditions, 

each quartz ampoule always contained a set of four different am-AlxZr1-x specimens, i.e. 
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one of each alloy composition (see Sec. 3.2.1). The ampoules were firstly evacuated and 

then filled with pure oxygen up to a partial pressure of pO2 = 4.70×104 Pa at room 

temperature (RT), which corresponds to 105 Pa at the oxidation temperature of 350 °C. 

Next the sealed ampoules were introduced into a pre-heated sandbath (TECHNE FB-

08c) at 350 °C and isothermally treated for various oxidation times (tox = 1, 2.5, 5, 7.5 

and 10 h).1 After reaching the targeted oxidation time, the ampoules were removed from 

the sand bath and immediately quenched in water (T ~ 18 °C). Analogously, additional 

series of oxidation experiments were performed at the same pO2 (= 105 Pa), but at 

different oxidation temperatures of Tox = 375 °C (pO2 = 4.52×104 Pa at RT), 400 °C (pO2 

= 4.35×104 Pa at RT) and 500 °C (pO2 = 3.79×104 Pa at RT). For the determination of 

the oxidation kinetics, only experimental results in the temperature range 350 °C – 

400 °C were taken into account. Prolonged oxidation at an oxidation temperature of 500 

°C leads to the development of crystalline intermetallic phases from the am-AlxZr1-x 

alloys with x = 0.26, 0.35 and 0.68; only the am-Al0.51Zr0.49 alloy is thermally stable (i.e. 

remains fully amorphous) up to 500 °C [11, 13]. Nonetheless, for short oxidation times 

at 500 °C (up to 1 h), the fraction of transformed am-AlxZr1-x is small enough to not 

affect the oxidation process and therefore these specimens could be used to determine 

the interfacial oxygen concentration in the am-AlxZr1-x alloys at 500 °C. 

3.2.3 Microstructural analysis and data evaluation 

TEM analysis was applied to determine the microstructure of the oxidized am-AlxZr1-x 

alloys. To this end, cross-sectional TEM lamellae were prepared according to the 

procedure described in Ref. [12] and investigated using a JEOL JEM-ARM200F 

scanning transmission electron microscope operated at 200 kV. 

The elemental depth-distributions in the as-deposited and oxidized am-AlxZr1-x 

alloys were investigated by AES sputter-depth profiling using a JEOL JAMP 7830F 

Scanning Auger Microscope, according to the measurement and quantification 

procedures, as described in Ref. [11]. The sputter depth was calibrated on the basis of 

the established am-AlxZr1-x coating thicknesses (as measured by a DekTak 8 

profilometer) and the known oxide-layer thicknesses (as determined by SE; see below). 

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

temperature the oxidized am-AlxZr1-x specimens were analyzed using a J.A. Woollam 

                                                 
1 Oxidation of am-Al0.26Zr0.74 has also been performed for an oxidation time of 0.5 h. 
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M-2000TM spectroscopic ellipsometer equipped with a Xe light source (wavelength 

λ = 300 nm – 850 nm). To this end, the ellipsometric values Ψ(λ, ϕ) and ∆(λ, ϕ) (see 

footnote 2) were recorded ex-situ from the as-prepared and the oxidized am-AlxZr1-x 

specimens at variable angles of incidence of ϕ = 60°, 65°, 70° and 75° (with respect to 

the specimen-surface normal). Next the oxide-layer thickness for each oxidized am-

Al xZr1-x alloy substrate was determined by linear-least squares fitting of sets of 

calculated spectra of Ψ(λ, ϕ) and ∆(λ, ϕ) to the measured ones using the WVASE32 

software package (version 3.770) as follows. 

Ψ(λ, ϕ) and ∆(λ, ϕ) spectra were calculated (for each alloy composition and 

oxide-layer thickness) by adopting a model description for the evolving substrate/film 

system, constituted of an am-AlxZr1-x alloy substrate, an oxide overgrowth of uniform 

thickness Lox and a relatively thin interfacial sublayer of uniform thickness LEMA 

between the oxide layer and the substrate (as introduced to account for interfacial 

mixing effects; see below). The optical constants (i.e. the refractive index, n(λ) and the 

extinction coefficient, k(λ)) of the bulk am-AlxZr1-x substrates were directly obtained 

from the recorded Ψ(λ, ϕ) and ∆(λ, ϕ) spectra of either the as-prepared alloy before 

oxidation or the oxidized alloy after removal of the oxide overgrowth (see below). The 

oxide overgrowths were optically transparent over the investigated wavelength range 

(i.e. k(λ) ≈ 0) and thus the wavelength-dependence of the optical constants of the oxide 

overgrowth could be approximated by a Cauchy function n(λ) = A+B/λ2, where A and 

B are the so-called Cauchy coefficients. The optical properties of the interfacial 

sublayer were estimated from the optical constants of the alloy substrate and the top 

oxide layer using the Bruggeman effective medium approximation (EMA), thus 

accounting for various ‘mixing’ effects at the interface, such as interface roughness, 

compositional gradients and/or phase mixing (cf. Ref. [14]): the corresponding fraction 

of the oxide in the interfacial sublayer is further denoted as fEMA.  

For each alloy composition and oxidation temperature, the measured spectra of 

Ψ(λ, ϕ) and ∆(λ, ϕ) pertaining to different oxidation times were simultaneously fitted, 

while introducing the thicknesses Lox, LEMA and fEMA, as well as single values of the 

                                                 
2 The ellipsometric parameters Ψ and ∆ describe the amplitude ratio and the phase difference of the p-
(parallel to the plane of incidence) and s-(perpendicular to the plane of incidence)polarized components 
of the light beam before and after reflection, respectively. 
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Cauchy coefficients (A and B) as fit parameters. The resulting total oxide-layer 

thickness dox of each specimen was taken as dox = Lox + fEMA·LEMA.  

As demonstrated by a parameter study, the optical constants of the oxidized am-

Al 0.68Zr0.32 and Al0.51Zr0.49 substrates (i.e. the am-AlxZr1-x alloys with the lowest Zr 

content), to a first approximation, can be taken constant and equal to the bulk optical 

constants of the alloy as determined prior to oxidation (see above). In the fitting 

procedure, any possible changes in the optical constants of the am-Al0.68Zr0.32 and 

Al 0.51Zr0.49 substrates by oxidation-induced compositional changes are thus accounted 

for only by the introduced interfacial EMA layer. The Zr-rich am-Al0.35Zr0.65 and am-

Al 0.26Zr0.74 alloy substrates exhibit a pronounced change in their optical constants with 

time due to the extensive dissolution of O into the alloy substrate upon oxidation (up to 

20 at.% [O]) (cf. Section 3.3.2). Therefore, such a first order approximation could not be 

applied for the evaluation of the recorded SE data of the oxidized alloy substrates of 

higher Zr content. Hence in the fitting procedure, the optical constants of the Zr-rich 

am-Al0.35Zr0.65 and am-Al0.26Zr0.74 alloy substrates were employed as derived from the 

recorded Ψ(λ, ϕ) and ∆(λ, ϕ) spectra of the O-saturated am-Al0.35Zr0.65 and am-

Al 0.26Zr0.74 alloy substrates after removal of the oxide overgrowth. To this end, the am-

Al 0.35Zr0.65 and am-Al0.26Zr0.74 alloys were oxidized for 5 h at 375 °C (thus containing a 

considerable amount of dissolved oxygen in the alloy substrate, further designated as 

am-AlxZr1-x[O]) and subsequently sputter-cleaned at RT to remove completely the 

amorphous oxide overgrowth. Sputter-cleaning was performed in an ultra-high vacuum 

chamber (base pressure < 3·10-8 Pa) using a focused 3 kV Ar+ ion beam scanning over 

the specimen surface, while monitoring the layer-by-layer removal of the oxide 

overgrowth by in vacuo X-ray photoelectron spectroscopy (XPS) (for conditions, see 

Ref. [11]). The sputter cleaning treatment was interrupted as soon as the oxidic Al and 

Zr components could no longer be detected by XPS (and thus only a dissolved O 1s 

component remained). Next the optical constants of the O-saturated am-Al0.35Zr0.65 and 

am-Al0.26Zr0.74 alloys were obtained from the recorded Ψ(λ, ϕ) and ∆(λ, ϕ) of these 

sputter-cleaned specimens. 
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3.3 Results 

3.3.1 Microstructure and composition of oxidized am-AlxZr1-x alloys 

The microstructures of the am-AlxZr1-x alloy substrates (x = 0.26, 0.35, 0.51, 0.68) and 

their oxide overgrowths after oxidation for 10 h at 400 °C were investigated by XRD 

and cross-sectional TEM. Neither the formation of a crystalline oxide phase nor the 

formation of a crystalline intermetallic Al-Zr phase was observed upon oxidation of the 

am-AlxZr1-x alloys up to 400 °C by XRD (cf. Fig. 1 in Ref [11]). A bright-field cross-

sectional TEM micrograph of the oxidized (at 400 °C for 10 h) am-Al0.51Zr0.49 alloy and 

a corresponding selected-area electron diffraction pattern (SADP) are shown in Figure 

3.1a and b, respectively: the TEM analysis confirms the amorphous state of the am-

Al 0.51Zr0.49 alloy and the amorphous oxide overgrowth after prolonged oxidation. Note 

the uniformity of the amorphous oxide-overgrowth layer thickness (see Figure 3.1a). 

 

Figure 3.1: a) Cross-sectional bright-field TEM micrograph of an am-Al0.51Zr0.49 alloy oxidized 

at 400 °C for 10 h. The oxide overgrowth on the am-Al 0.51Zr0.49 substrate is amorphous. b) A 

selective area diffraction pattern (SADP), taken with an aperture of diameter ~ 130 nm at a 

region that contains both the oxide layer and the underlying substrate, confirming the 

amorphous nature of both the oxide overgrowth and the oxidized alloy. 

 

As shown by AES compositional sputter-depth profiling, the amorphous oxide 

overgrowths on the am-AlxZr1-x alloys have incorporated both Al and Zr from the alloy 

(further designated as Alox and Zrox). Strikingly, the composition of the oxide 

overgrowths is nearly constant, exhibiting a constant Alox/Zrox ratio of about 0.5 [i.e. 

(AlO1.5)0.33(ZrO2)0.67], independent of both the Al/Zr ratio in the parent am-AlxZr1-x 
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alloy (for 0.26 ≤ x ≤ 0.68) and the oxidation temperature in the range of 350 °C ≤ T ≤ 

500 °C: see Figure 3.2, the discussion in Sec. 3.4 and Ref. [11]. For am-AlxZr1-x alloys 

with x = 0.35 (Figure 3.2c) and, in particular, for x = 0.51 (Figure 3.2b), a pile-up of Al 

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

3.3.2 Oxygen solubility and diffusivity in am-AlxZr1-x alloys 

As indicated by the AES sputter-depth profiling analyses (see Figure 3.2), oxygen has 

dissolved and diffused into the alloy substrate upon oxidation. The dissolved oxygen 

content in the interior of the am-AlxZr1-x alloy substrate, as marked with red arrows in 

Figure 3.2a-d, increases with increasing Zr content in the alloy. It is taken for granted 

that, apart from the (very) beginning stage of oxide-layer growth [15, 16], the oxygen 

concentration as established in the alloy substrate adjacent to the oxide/alloy interface is 

determined by a local equilibrium.3 Indeed it was found that the interfacial O 

concentration in the alloy substrate for each alloy composition has attained a practically 

constant value for oxidation times ≥ 1 h for am-AlxZr1-x with x = 0.51 and 0.65 (and 

≥ 0.5 h for am-Al0.26Zr0.74) at T = 350 – 400 °C (cf. Figure 3.5). The interfacial O 

concentrations in the alloy substrates for various oxidation times (up to 10 h) for the 

various alloy compositions and oxidation temperatures were deduced from the 

measured AES sputter-depth profiles of the oxidized alloys (see Figure 3.2) by 

determining4 the O concentrations in the alloy at the depth position below the surface 

where both the oxidic Zr concentration and the oxidic Al concentration drop below 

0.5 at.%.  

 

                                                 
3 It is assumed that a local equilibrium prevails at the solid-solid oxide/amorphous alloy interface, i.e. this 
implies constancy of the O concentration in the am-Al xZr1-x alloy substrate at the inward moving 
oxide/amorphous alloy interface [16, 17]. 
4 The O-concentration values at the interface, presented in Figure 3.3, are averages over 5 consecutive O-
concentration values of the measured sputter-depth profiles in order to reduce the error caused by AES 
depth-profile broadening effects due to e.g. preferential sputtering or interface roughness [18, 19]. 
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Figure 3.2: AES concentration depth profiles of am-AlxZr1-x alloy substrates with x = a) 0.68, b) 

0.51, c) 0.35 and d) 0.26 oxidized at 400 °C for 10 h. Note that the oxygen solubility in the am-

Al xZr1-x alloy substrate increases (red arrow) with increasing Zr concentration in the am-AlxZr1-x 

solid solution (see red arrows). 
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The thus obtained interfacial O concentrations (for oxidation times ≥ 1 h) have 

been plotted as function of the Zr concentration in the am-AlxZr1-x alloy substrate and as 

function of the oxidation temperature in the range of 350 – 500 °C (500 °C -560 °C for 

am-Al0.44Zr0.56 [12]) in Figure 3.3a and b, respectively. Strikingly, no distinct 

temperature dependency of the interfacial O concentration in the am-AlxZr1-x alloy 

substrates is observable in the investigated temperature range. Therefore, an average 

interfacial O concentration, calculated from the interfacial O concentration values 

obtained at different temperatures as shown in Figure 3.3, was obtained for the 

investigated am-AlxZr1-x alloy compositions: 1.3 ± 0.2 at.% for am-Al0.68Zr0.32, 2.9 ± 0.7 

at.% for am-Al0.51Zr0.49, 15.0 ± 1.2 at.% for am-Al0.35Zr0.65 and 19.8 ± 1.1 at.% for am-

Al 0.26Zr0.74. It follows that the interfacial O concentration is relative low (1-3 at.%) for 

the am-Al0.68Zr0.32 and am-Al0.51Zr0.49 alloys and that it abruptly increases 

approximately linearly with increasing Zr content for Zr contents exceeding 49 at.%.  

 

 

Figure 3.3: Dissolved oxygen concentration of oxidized am-AlxZr1-x alloys (directly in front of 

the oxide/alloy interface) as a function of (a) the Zr concentration in the alloys and (b) the 

oxidation temperature. The corresponding data for pure Zr [20] have also been indicated. The 

corresponding oxidation times are: 10 h (350 °C – 400 °C) and 1 h (500 °C ) for am-AlxZr1-x (x 

= 0.26, 0.35, 0.51, 0.68); 3 h (500 °C) and 1 h (560 °C) for am-AlxZr1-x (x = 0.44); see Ref. [12]. 

Note that the error bars are smaller than the size of the symbols. 
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With increasing oxidation time (in the present study up to 10 h), the continuous 

inward diffusion of oxygen from the reacting oxide/alloy interface into the alloy causes 

the oxygen diffusion zone to progressively extend into the interior of the am-AlxZr1-x 

alloy substrate. The oxygen diffusion within the am-Al xZr1-x is governed by Fick’s 

second law, 

H$O
am-AlxZr1-x

HI � JO
am-AlxZr1-x

H)$O
am-AlxZr1-x

HK) ,  (3.1) 

where JO

am-AlxZr1-x is the diffusion coefficient of oxygen in the am-AlxZr1-x alloy 

substrate (assumed to be concentration independent), t is the diffusion/oxidation time 

and $O

am-AlxZr1-x is the oxygen concentration at depth l below the oxide/alloy 

interface/boundary plane (where l = 0). Due to consumption of the am-AlxZr1-x alloy 

substrate by the growing oxide layer, the oxide/alloy interface boundary plane actually 

moves inwardly with progressing oxidation time, which is not taken into account by Eq. 

(3.1). However, the growth of the oxide layer is much slower than growth of the extent 

of the O diffusion zone in the am-AlxZr1-x alloy substrate (cf. Figure 3.4). Hence, the 

movement of the oxide/alloy interface/boundary plane can be neglected (cf. Ref [21]). 

Furthermore, it is assumed by use of Eq. (3.1) that the diffusion of oxygen does not 

depend on the concentration gradients of Al and Zr in the alloy (adjacent to the 

interface). 
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Figure 3.4: AES concentration-depth profiles of am-AlxZr1-x substrates oxidized at 350 °C: am-

Al 0.51Zr0.49 for a) 1 h and b) 10 h, am-Al0.35Zr0.65 for c) 1 h and d) 10 h, am-Al0.26Zr0.74 for e) 1 h 

and f) 2.5 h. 

The diffusion coefficient of oxygen in the am-AlxZr1-x alloy can now be estimated 

for each alloy composition and oxidation temperature from the evolution of the 

respective concentration-depth profile of dissolved oxygen in the alloy substrate, 

$O

am-AlxZr1-x(l,t), for different oxidation times and oxidation temperatures, as measured by 

AES sputter-depth profiling (cf. Figure 3.4). To this end, modeling of the oxygen 

0 500 1000 1500

Al
met

Zr
met

O

Sputtered depth in nm

C
o

n
ce

n
tr

at
io

n
 i

n
 a

t.
%

0 500 1000 1500

Al
met

Zr
met

O

Sputtered depth in nm

C
o

n
ce

n
tr

at
io

n
 i

n
 a

t.
%

0 500 1000 1500

Al
met

Zr
met

O×5

Sputtered depth in nm
0 500 1000 1500

0

20

40

60

80

100

Al
met

Zr
met

O×5

Sputtered depth in nm

C
o

n
ce

n
tr

at
io

n
 i

n
 a

t.
%

(a) = 1 htox (b) tox = 10 h

0 500 1000 1500
0

20

40

60

80

100

Al
met

Zr
met

O

Sputtered depth in nm

C
o

n
ce

n
tr

at
io

n
 i

n
 a

t.
%

(c) tox = 1 h (d) tox = 10 h

0 500 1000 1500
0

20

40

60

80

100

Al
met

Zr
met

O

Sputtered depth in nm

C
o

n
ce

n
tr

at
io

n
 i

n
 a

t.
%

(e) tox = 1 h (f) tox = 2.5 h

a
m

-A
l

Z
r

0
.2

6
0
.7

4
a
m

-A
l

Z
r

0
.3

5
0
.6

5
a
m

-A
l

Z
r

0
.5

1
0
.4

9

Tox = 350 °C



Oxidation kinetics of amorphous AlxZr1-x alloys 

61 

concentration profile was performed on the basis of Eq. (3.1), assuming a semi-infinite 

solid-solution alloy matrix and applying the following boundary conditions: 

$O
am-AlxZr1-x
K, I
LMN-,OP	- � $O

i ,  (3.2) 

$O
am-AlxZr1-xLMP-,ON- � $O

0 ,  (3.3) 

where $Oi  represents the interfacial O concentration in the alloy at depth l = 0, i.e. the 

oxide/alloy boundary plane, and $O
0  represents the initial oxygen concentration in the 

alloy at depth l, which is $O
0  = 0 (see footnote 5). The solution of Fick’s second law (Eq. 

(3.1)), applying the above boundary conditions, is given by 

$O
am-AlxZr1-x
K, I
 � $O

i ∙ Q1 − erf	SK × U2VJO
am-AlxZr1-x ∙ IW*+XY . (3.4) 

The temperature dependence of JO

am-AlxZr1-x satisfies 

JO
am-AlxZr1-x � J- ∙ exp �− ;R ∙ 3� , (3.5) 

where D0 is the pre-exponential factor, Q the activation energy for oxygen diffusion and 

R the gas constant. For each alloy composition (x = 0.51, 0.35, 0.26), linear least 

squares fitting of the measured and calculated (using Eq. (3.4)) O diffusion profiles was 

performed for each alloy-substrate composition simultaneously on the entire set of 

measured oxygen diffusion profiles for different oxidation times and different 

temperatures, adopting $Oi , D0 and Q (all independent of T) as fitting parameters. The 

result of the fitting procedure for am-Al0.51Zr0.49, am-Al0.35Zr0.65 and am-Al0.26Zr0.74 is 

shown in Figure 3.5. Differences of the measured and the modeled oxygen 

concentration-depth profiles can originate from (i) inaccuracy of the oxygen 

concentrations as determined by the quantification of the AES data using 

experimentally-determined sensitivity factors, and/or (ii) (small) deviation of the real 

diffusion behavior of oxygen in am-AlxZr1-x alloys to that assumed in the applied 

(idealized) model. For the am-Al0.68Zr0.32 a comparable investigation of the oxygen 

diffusion in the am-AlxZr1-x alloy matrix was not possible due to a too low O solubility 

in the am-AlxZr1-x alloy matrix (cf. Figure 3.3).  

                                                 
5 Any residual oxygen signal recorded in the am-AlxZr1-x solid solution at the very end of each AES depth 
profile was subtracted from the measured oxygen-diffusion profile. 
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Figure 3.5: Oxygen diffusion profiles (experimental data (points) and fitted model (lines; cf. 

Equation (3.4))) of: am-Al0.51Zr0.49 oxidized at (a) 350 °C for 1 h and 10 h and (b) 400 °C for 1 

h, 5 h and 10 h; am-Al0.35Zr0.65 oxidized at (c) 350 °C for 1 h, 5 h and 10 h and (d) 400 °C for 1 

h and 2.5 h; am-Al0.26Zr0.74 oxidized at (e) 350 °C for 1 h, 2.5 h and 5 h and (f) 400 °C for 0.5 h 

and 1 h. All profiles of one concentration were fitted simultaneously for both temperatures, 

which resulted in values for the activation energy Q, the pre-exponential factor D0 and the 

interfacial oxygen concentration $O
i  listed in Table 3.1. The sputtered depth indicates the 

distance from the oxide/alloy interface. 
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The determined values of ci, D0, Q and the accordingly calculated values of 

JO

am-AlxZr1-x at 350 °C and 400 °C for the oxidized am-Al0.51Zr0.49, am-Al0.35Zr0.65 and 

am-Al0.26Zr0.74 alloys, as well as the corresponding values for pure, crystalline (α-)Zr 

[20], have been collected in Table 3.1. For am-Al0.51Zr0.49, the interfacial O 

concentration $Oi  = 2.3 at.%, as obtained by the fitting procedure, agrees well with the 

experimental estimate for the O concentration in the alloy at the oxide/alloy interface, 

which is 2.9 ± 0.7 at.% (see beginning of this subsection). The interfacial O 

concentrations for am-Al0.35Zr0.65 and am-Al0.26Zr0.74 (12.4 at.% and 15.5 at.%, 

respectively) show a stronger deviation from the experimentally-determined interfacial 

O concentrations (15.0 ± 1.2 at.% for am-Al0.35Zr0.65 and 19.8 ± 1.1 at.% for am-

Al 0.26Zr0.74). The experimentally-determined interfacial O concentrations (see above) 

might differ from the interfacial O concentrations, as obtained by the fitting procedure, 

due to difficulties in defining the position of the amorphous oxide/alloy interface from 

the measured sputter-depth profiles in Figure 3.2. 

It follows that the O diffusivity in the am-AlxZr1-x alloy increases distinctly with 

increasing Zr concentration in the alloy: The O diffusivity in the Zr-rich am-Al0.26Zr0.74 

alloy is more than three orders of magnitude higher than that in the am-Al0.51Zr0.49 alloy. 

It is noted that the diffusivity of oxygen in pure crystalline (α-)Zr is much lower than 

those in the amorphous AlxZr1-x alloys. 

 

Table 3.1: The pre-exponential coefficient D0, the activation energy for oxygen diffusion Q, the 

interfacial oxygen concentration ci, as determined by fitting of the oxygen diffusion profiles in 

oxidized am-AlxZr1-x with equation (3.4) (presented in Figure 3.5), as well as the corresponding 

calculated diffusion coefficient D for 350 °C and 400 °C. 

specimen 
D0 

in m2/s 

Q  

kJ/mol 

ci 

in at.% 

D (350 °C) 

in m2/s 

D (400 °C) 

in m2/s  

am-Al0.51Zr0.49 3.9×10-5 174 2.3 9.9×10-20 1.2×10-18 

am-Al0.35Zr0.65 6.4×10-7 132 12.4 5.5×10-18 3.6×10-17 

am-Al0.26Zr0.74 7.1×10-7 127 15.5 1.5×10-17 9.3×10-17 

(α-)Zr 6.61×10-6 184 [22] 28.6 [20] 2.4×10-21 [22] - 
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3.3.3 Oxidation kinetics of am-AlxZr1-x alloys 

The uniform thicknesses of the amorphous oxide overgrowths (cf. Figure 3.1) for 

different oxidation times (1 – 10 h), alloy compositions (x = 0.68, 0.51, 0.35 and 0.26) 

and oxidation temperatures in the range of 350 °C to 400 °C were determined by SE 

(see Sec. 3.2.3): see Figure 3.6. It follows that the oxide-film growth rate increases with 

increasing Zr concentration in the am-AlxZr1-x alloy substrate: the oxide layer on the Zr-

richest am-Al0.26Zr0.74 alloy substrate attains a thickness of 158 nm after 10 hours of 

oxidation at 400 °C, which can be compared with a corresponding thickness of only 15 

nm for the oxidation of the Zr-poorest, am-Al0.68Zr0.32 alloy under the same oxidation 

conditions: see Figure 3.6. 

Depending on the alloy composition, the oxidation kinetics are found to follow 

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

[
I
 � V2\]I + [-
3
) (3.6) 

and 

[
I
 � \^I + [-
3
, (3.7) 

respectively. In Eqs. (3.6) and (3.7), d is the oxide layer thickness, t is the oxidation 

time, Kp is the parabolic growth-rate constant and Kl is the linear growth-rate constant. 

A temperature-dependent term, d0(T), has been introduced to account for the combined 

effects of the native oxide (i.e. a non-zero thickness at t = 0) and an initial, very fast 

non-parabolic/non-linear oxidation regime (until the formation of a laterally-closed 

oxide layer on top of the alloy surface; see Ref. [23]). Usually, a parabolic oxide-layer 

growth behavior is observed when the diffusion of ions/defects through the growing 

oxide scale determines the rate of the oxide-growth process (diffusion-control), whereas 

a linear oxide-layer growth behavior is observed when a surface- or phase-boundary 

process, e.g. at the oxide/alloy interface, is the rate-determining step for the oxide 

growth (interface-control) [6, 7, 24]. It is assumed that not only the diffusion-controlled 

process but also the interface-controlled process is thermally activated, i.e. the rate 

constants Kp and Kl follow an Arrhenius behavior [6]: 

\p/l � K-×exp�− 0
R⋅_�, (3.8) 

where K0 is a pre-exponential factor, Q is the activation energy for the rate-determining 

step in the oxidation process, R is the gas constant and T is the oxidation temperature. 
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For each alloy composition, linear least squares fitting of the measured and calculated 

oxide-layer thicknesses was performed simultaneously on the corresponding, entire data 

set of different oxidation times and oxidation temperatures, adopting Q, K0 (both 

independent of T) and d0(T) as fitting parameters: see Figure 3.6. The optimized values 

of Q, K0 and d0(T) have been gathered in Table 3.2.  

Table 3.2: Experimentally determined (p: parabolic/l: linear) oxide-film growth parameters for 

crystalline Al, am-AlxZr1-x and crystalline Zr: the pre-exponential factor K0, the activation 

energy Q, the oxide layer thicknesses d0(Tox) at tox = 0 h, the parabolic/linear oxide growth 

constants at 400 °C and the goodness of fit. The data for pure Al and Zr have been given for 

comparison. 

specimen mode K0 

Q in 

kJ/mol 

Kp in m2/s 

Kl in m/s 

400 °C 

d0 in nm 

350 °C 

d0 in nm 

375 °C 

d0 in nm 

400 °C 

goodness 

of fit 

Al p 
 

226 

[25]* 

1.10×10-22 

[25]*,**     

am-

Al 0.68Zr0.32 
p 1.4×10-15 73 2.9×10-21 2.9 2.5 6.1 0.058 

am-

Al 0.51Zr0.49 
p 2.2×10-11 117 1.9×10-20 11.5 12.7 16.2 0.010 

am-

Al 0.35Zr0.65 
p 1.6×10-05 188 3.9×10-20 9.4 8.4 0.0 0.112 

am-

Al 0.35Zr0.65 
l 0.04 135 1.4×10-12 9.6 10.4 10.2 0.103 

am-

Al 0.26Zr0.74 
l 37.7 167 4.0×10-12 11.9 10.9 6.0 0.108 

Zr p 
 

133 

[26] 

7.1×10-20 

[26]**     

* at 450 °C    ** Converted from g2/(cm4s) in m2/s by the use of the densities of Al2O3 [25] and ZrO2 [27]. 
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Figure 3.6: Oxide-film thickness as function of oxidation time in a temperature range of 350 °C 

to 400 °C. The oxide-film growth on am-AlxZr1-x alloys (0.51 < xAl < 0.68) obeys a parabolic 

rate law (a-b). The oxide-film growth on am-AlxZr1-x alloys (xAl = 0.26) obeys a linear rate law 

(d). The oxide-film growth on am-Al0.35Zr0.65 alloys takes an intermediate position (c). 

 

 



Oxidation kinetics of amorphous AlxZr1-x alloys 

67 

It follows that oxide-film growth on the Al-rich am-Al xZr1-x alloys with x = 0.68 

and 0.51 exhibits relatively slow, parabolic oxidation kinetics (Figure 3.6a and b, 

respectively), whereas oxide-film growth on the Zr-richest am-AlxZr1-x alloy with x = 

0.26 displays relatively fast, linear oxidation kinetics (see Figure 3.6d). The oxidation 

kinetics of the am-AlxZr1-x alloy with x = 0.35 takes an intermediate position: the linear 

and parabolic growth models can both be fitted reasonably well (although fitting with 

the linear growth model leads to slightly better results; cf. the goodness of fits displayed 

in Table 3.2): see Figure 3.6c. Hence with increasing Zr content in the alloy, a transition 

from parabolic oxidation kinetics to linear oxidation kinetics occurs at an alloy 

composition of about am-Al0.35Zr0.65. The determined activation energy Q for parabolic 

oxidation of the am-AlxZr1-x alloys increases with increasing Zr content in the range 

from 32 - 65 at.% Zr: i.e. Q = 73 kJ/mol for 32 at.% Zr, Q = 117 kJ/mol for 49 at.% Zr, 

Q = 188 kJ/mol for 65 at.% Zr (see Table 3.2). The activation energy Q for linear 

oxidation, as observed for the am-Al0.35Zr0.65 and Al0.26Zr0.74 alloys, also indicates an 

increase with increasing Zr content in the range from 65 - 74 at.% Zr: i.e. Q = 135 

kJ/mol for 65 at.%. and Q = 167 kJ/mol for 74 at.% Zr. Consequently, the observed 

oxidation growth rates show a stronger temperature dependency with increasing Zr 

content in both regimes (i.e. for the parabolic oxide-growth regime observed at low Zr 

content and for the linear oxide-growth regime observed at high Zr content). 

3.4 Proposed oxidation mechanism 

3.4.1 Diffusion of O and Al in the am-AlxZr1-x alloys 

The diffusivity of dissolved O in the am-AlxZr1-x alloys (solid solutions) has been found 

to depend strongly on the amorphous alloy composition (see Sec. 3.2): the diffusion 

coefficient of O increases very pronouncedly with increasing Zr content (cf. Table 3.1, 

Figure 3.5 and Sec. 3.3.2). Recognizing that the diffusion coefficient of O in relatively 

dense crystalline (α-)Zr is much smaller than in the considerably less dense am-AlxZr1-x 

alloys (cf. Table 3.1),6 the strong dependence of the O diffusivity on Zr content for the 

amorphous am-AlxZr1-x alloys suggests a less dense atomic structure of the amorphous 

solid-solution matrix with increasing Zr content. Indeed, a recent XRD investigation of 

the am-AlxZr1-x alloys by our group has shown that Zr-rich am-AlxZr1-x alloys have a 

                                                 
6 The diffusion coefficient of O in (α-)Zr is given by D = 0.0661·10-4

·exp(-184096/R(T+273.15)) in m2/s 
for T = 290 °C – 650 °C, as determined by tracer experiments [22]. 
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less dense atomic packing as compared to Al-rich am-Al xZr1-x alloys [13]. Hence the 

increased O diffusivity in the am-AlxZr1-x alloys with increasing Zr concentration can be 

rationalized on the basis of atomic packing densities decreasing with increasing Zr 

content. 

As compared to Al, Zr has a higher metal-metal bond strength (EZr-Zr = 298 kJ/mol 

vs. EAl-Al  = 264 kJ/mol [28]), a much higher oxygen-metal bond strength (EZr-O = 776 

kJ/mol vs. EAl-O = 511 kJ/mol [29]) and a much larger atomic size7 (1.60 Å (Zr) vs. 1.43 

Å (Al) [32]). Therefore, it may be assumed that the mobility of Al is (much) higher than 

that of Zr in the am-AlxZr1-x alloy and also in the O-dissolved region of the am-Al xZr1-x 

alloy adjacent to the oxide/alloy interface (cf. Figure 3.2). Further, recognizing the 

reduced packing density with increasing Zr alloying content (see above and Ref. [13]), 

it is likely that the mobility of Al in the am-AlxZr1-x alloy increases with increasing Zr 

concentration in the am-AlxZr1-x alloy. The assumption of a higher diffusivity of Al in 

(also oxidized) Zr-rich am-AlxZr1-x alloys is consistent with the observed differences in 

the oxide-film growth kinetics of the am-AlxZr1-x alloys, as discussed next in Sec. 3.4.2. 

3.4.2 Oxide-film growth mechanism 

In the following, the oxide-film growth kinetics of the am-AlxZr1-x alloys will be 

discussed on the basis of the experimental results as presented in Sec. 3.3. The 

exclusive, thermodynamically preferred formation of an amorphous oxide phase with a 

singular composition, corresponding to an Alox/Zrox atomic ratio of 0.5, has been treated 

in detail in Ref. [11], which can be summarized as follows: the amorphous state of the 

oxide overgrowth (instead of a crystalline oxide overgrowth) is attributed to relatively 

high energy barriers for the nucleation of the crystalline Al2O3 and ZrO2 pure oxide 

phases in combination with a kinetic obstruction for the amorphous-to-crystalline 

transition of the initial amorphous oxide overgrowth. The occurrence of a practically 

singular composition of the amorphous oxide phase, (Al 0.33Zr0.67)O1.83, independent of 

the parental alloy composition, is due to the existence of a deep minimum in the Gibbs 

energy of formation of the am-(AlO1.5)y(ZrO2)1-y phase at a composition of y = 0.33 (i.e. 

Al ox/Zrox = 0.5).  

The experimental results of the oxide-film growth rates as function of the alloy 

(solid solution) composition (see Sec. 3.3) demonstrate a stronger temperature 
                                                 
7 The diffusivity of atoms in amorphous alloys was found to increase with decreasing atomic size [30, 
31]. 
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dependency with increasing Zr content both within the parabolic oxide growth regime, 

as observed for oxidation of am-AlxZr1-x alloy substrates with low Zr content, and 

within the linear oxide growth regime, as observed for oxidation of am-AlxZr1-x alloy 

substrates with high Zr content (cf. Figure 3.6 and Table 3.2).  

The solubility of O in the am-AlxZr1-x alloy starts to increase abruptly and roughly 

linearly with increasing Zr alloying content for Zr contents exceeding 49 at.% (i.e. for 

am-AlxZr1-x with x ≤ 0.51): see Figure 3.3a. Pure Al has a negligible O solubility [33] 

and the pronounced solubility of O in the am-AlxZr1-x alloy for x ≤ 0.51 relates to the 

intrinsically high solubility of oxygen in pure crystalline (α-)Zr, which has an oxygen 

solubility limit as high as 28.6 at.% at 400 °C [20]. No distinct temperature dependency 

of the interfacial O concentration in the am-AlxZr1-x alloys was observed in the 

investigated temperature range (Figure 3.3b). This parallels the oxygen solubility limit 

in α-Zr which increases only very slightly with increasing temperature (Odissolved (at.%) 

= 28.6 + exp(-6748×T-1+4.748) for 473 ≤ T ≤ 1478 K [20]). 

The continuous dissolution and inward diffusion of O into the am-AlxZr1-x alloy 

substrate with simultaneous thickening of the oxide overgrowth (cf. Figure 3.4 and 

Figure 3.6) requires a constant net transport of O anions from the outer oxide surface 

through the developing am-(Al,Zr)-oxide layer towards the oxide/alloy interface. In the 

absence of short-circuit diffusion paths in the amorphous oxide overgrowth (which is of 

uniform thickness; cf. Figure 3.1a), such anionic transport mechanism requires coupled 

fluxes of inwardly migrating O anions and outwardly migrating O-vacancy-like defects. 

O-vacancy-like defects are easily injected into the thickening oxide overgrowth at the 

oxide/alloy interface by continuous dissolution of O from the amorphous oxide layer 

into the alloy substrate, analogous to the transport mechanism proposed for the 

oxidation of Zr metal [34]. The resulting oxygen-transport rate through the oxide layer 

is equal to the net O vacancy flux from the reacting interface to the oxide surface under 

influence of the respective chemical potential gradient across the thickening oxide layer 

[7]. At constant pressure (here: pO2 = 1×105 Pa), the observed larger extent of O 

dissolution in the alloy substrate for higher Zr alloying content is likely paralleled by a 

higher O defect concentration in the oxide at the reacting oxide/alloy interface and, 

consequently, in a larger chemical potential gradient across the oxide layer for a given 

oxide-layer thickness. Hence a higher oxide-film growth rate is expected for higher Zr 
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content in the alloy substrate, which is in accordance with the experimental results (cf. 

Figure 3.6 and Table 3.2). 

At the reacting oxide/alloy interface, the dissolution of O into the alloy substrate 

competes with the thermodynamically-preferred formation of the amorphous oxide 

phase, with an almost singular composition, (AlO1.5)0.33(ZrO2)0.67, which corresponds to 

a constant Alox/Zrox ratio of about 0.5 [11]. Preferred formation of this am-

(AlO1.5)0.33(ZrO2)0.67 phase at the reacting oxide/alloy interface thus requires continuous 

adjustment of the interfacial alloy composition to an Al/Zr ratio of 0.5. 

The am-Al0.51Zr0.49 and am-Al0.68Zr0.32 alloys have bulk Al/Zr ratios of 1.0 and 

2.1, considerably larger than the preferred Al/Zr alloy ratio of 0.5 for the formation of 

the am-(AlO1.5)0.33(ZrO2)0.67 phase. Continued oxidation of the am-Al0.51Zr0.49 and am-

Al 0.68Zr0.32 alloys would thus require backward diffusion of Al into the interior of the 

alloy substrate (recognizing that Zr is relatively immobile thus constituting the reference 

matrix element; see Sec. 3.4.1). If the backward diffusion of Al into the alloy is too 

slow as compared to the inward motion of the moving oxide/alloy boundary plane (due 

to continuous oxide formation), a pile-up of Al occurs. Indeed a distinct pile-up of Al in 

the alloy substrate at the reacting alloy/oxide interface occurs for the oxidation of the 

am-Al0.51Zr0.49 alloy, which has a much faster oxidation rate than the Al-richest am-

Al 0.68Zr0.32 alloy (and thus a faster moving oxide/alloy interface): compare Figure 3.2a,b 

and Figure 3.6a,b. (Selective oxidation of Zr upon thermal oxidation of crystalline, 

intermetallic Al-Zr alloys was also found to result in an Al enrichment in the alloy 

substrate [35, 36]). The pile-up of Al in the alloy substrate at the reacting oxide/alloy 

interface for the oxidation of especially the am-Al0.51Zr0.49 alloy can imply that the 

(parabolic) oxidation rate for this alloy is not only determined by the rate of oxygen 

transport through the oxide layer but also by the backward diffusion of Al into the 

interior of the alloy.  

The am-Al0.35Zr0.65 alloy has a bulk Al/Zr ratio of 0.54, which is only slightly 

above the thermodynamically-preferred oxide composition (Alox/Zrox = 0.5). In 

accordance with the above discussion, oxidation of am-Al0.35Zr0.65 results in only a 

small Al pile-up in front of the oxide film (cf. Figure 3.2c) (see what follows).  

The am-Al0.26Zr0.74 has a bulk Al/Zr ratio of 0.35, which is smaller than the 

preferred Al/Zr alloy ratio of 0.5 for the formation of the am-(AlO1.5)0.33(ZrO2)0.67 

phase. Continuous oxidation now requires diffusion of Al from the interior of the alloy 

towards the reacting interface to adjust the alloy composition to the preferred ratio of 
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Al/Zr = 0.5 for the formation of the am-(AlO1.5)0.33(ZrO2)0.67 phase. If the rate of 

formation of the am-(AlO1.5)0.33(ZrO2)0.67 phase at the reacting oxide/alloy interface 

would be governed by the diffusion of Al from the alloy interior to the reacting interface 

or by diffusion of oxygen through the oxide layer, parabolic oxidation kinetics is 

expected, which is clearly not observed (see Figure 3.6d). The am-Al0.26Zr0.74 is the Zr-

richest alloy of this study and the dissolved O content in the alloy at the oxide/substrate 

interface is as large as 15.0 ± 1.2 at.% (cf. Figure 3.2d). Consequently a high Al 

mobility in the alloy (see Sec. 3.4.1) and a high transport rate of O through the oxide 

layer (see above) are expected. Then the oxide-film growth rate can be interface-

controlled, i.e. governed by e.g. the redistribution of atoms at the amorphous oxide/alloy 

interface and consequently a linear growth rate is expected [24]. The am-Al0.35Zr0.65 

alloy then takes an intermediate position. 

As follows from the above discussion, the oxidation kinetics of the am-AlxZr1-x 

alloys are principally controlled by (i) the atomic mobilities of O and Al in the alloy 

substrate at the reacting oxide/alloy interface, (ii) the solubility of O in the substrate and 

(iii) the compositional constraint due to the selective formation of an amorphous oxide 

phase of singular composition (independent of the alloy composition); where (i) and (ii) 

strongly depend on the Zr content of the am-AlxZr1-x alloy substrate.  

3.5 Conclusions 

• The solubility of O in Al-rich am-AlxZr1-x alloys (xAl > 0.51) is below 3 at.%. For Zr-

rich am-AlxZr1-x alloys (xAl < 0.51) the oxygen solubility abruptly increases roughly 

linearly with increasing Zr alloying content (up to 19.8 ± 1.1 at.% for am-

Al 0.26Zr0.74). 

• The diffusion coefficient of oxygen in the am-AlxZr1-x alloy increases with increasing 

Zr alloying content in the alloy due to a decrease of the atomic packing density in the 

alloy (solid solution) with increasing Zr content. 

• The oxide-film growth rate of am-AlxZr1-x increases pronouncedly with increasing Zr 

alloying content in the alloy, which is due to (i) the increase of the solubility of O in 

the alloy with increasing Zr content and (ii) the increase of the mobility of Al in the 

(O-dissolved region of the) am-AlxZr1-x alloy with increasing Zr content. 
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• Parabolic oxide-film growth kinetics occurs for Al-rich am-AlxZr1-x alloys (x ≥ 0.51), 

whereas linear oxide-film growth kinetics prevails for Zr-rich am-AlxZr1-x alloys (x < 

0.35). The am-Al0.35Zr0.65 alloy takes an intermediate position. 

• The parabolic oxide-film growth kinetics of the am-Al 0.51Zr0.49 (Al/Zr ratio = 1.0) 

and am-Al0.68Zr0.32 (Al/Zr ratio = 2.1) alloy substrates (with an Al/Zr ratio much 

higher than the thermodynamically-preferred Alox/Zrox ratio of 0.5) implies a 

diffusion-controlled oxide-growth behavior. The oxide-film growth rate can be 

governed by the rate of oxygen diffusion through the growing oxide layer and/or by 

the backward diffusion of Al from the reacting oxide/alloy interface towards the 

interior of the alloy (as a consequence of the exclusive formation of the 

thermodynamically-preferred am-(AlO1.5)0.33(ZrO2)0.67 phase). 

• For high Zr contents of the am-AlxZr1-x alloy, the diffusion processes in oxide film 

and substrate have become that fast that the oxide-film growth rate is governed by 

the reactive formation of the thermodynamically preferred am-(AlO1.5)0.33(ZrO2)0.67 

oxide phase at the oxide layer/substrate interface: linear oxide-film growth kinetics 

occurs. 
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Chapter 4 

4 Thermal oxidation of amorphous Al0.44Zr0.56 alloys 

 

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

 

Abstract 

The oxidation of amorphous Al0.44Zr0.56 alloys upon exposure to pure O2(g) at 500 and 

560 °C (and pO2 = 1×105 Pa) was investigated by a combinatorial experimental 

approach using X-ray diffraction, spectroscopic ellipsometry, transmission electron 

microscopy and Auger electron spectroscopy. During the early stages of oxidation at 

500 and 560 °C, an amorphous (Zr,Al)-oxide layer of homogeneous composition and 

uniform thickness is formed, which is enriched in Zr with respect to the alloy substrate. 

At 500 °C, both the alloy substrate and the oxide layer remain amorphous during 

continued oxidation, whereas at 560 °C, a crystalline tetragonal ZrO2 (t-ZrO2) phase 

nucleates after prolonged oxidation, while the alloy remains amorphous. The nucleation 

and growth of t-ZrO2 at 560 °C occurs exclusively close to the interface between the 

initially formed amorphous (Zr,Al)-oxide layer and the alloy, immediately underneath a 

region of Al enrichment in the substrate, as triggered by oxidation-induced 

compositional changes in the alloy below the reacting alloy/oxide interface and a 

favorable energy of the interface between t-ZrO2 crystallites and the amorphous alloy 

matrix. The growing t-ZrO2 oxide crystallites eventually laterally coalesce to form a 

continuous layer constituted of branches of dendrite-shaped t-ZrO2 phase crystallites 

surrounded by an Al-rich amorphous Al-Zr alloy matrix. The underlying mechanism of 

the oxidation process is discussed. 

4.1 Introduction 

Bulk amorphous alloys, also known as metallic glasses, have attracted much interest in 

the last decade owing to their outstanding physical and chemical properties, such as 

high yield strength, very high elastic strain limit, good castability, good moldability and 

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

metallic alloys, because they possess a relatively high thermal stability and a low 

coefficient of thermal expansion in combination with excellent corrosion resistance [3, 

4], which provides opportunities for many potential applications (see Ref. [1] and 

references therein). Hitherto, research on Zr-based amorphous alloys has mainly 

focused on the investigation of their thermal stability [5-8] and mechanical properties 

(e.g. Refs. [9-11]). The oxidation behavior of Zr-based amorphous alloys, in particular 

under near-atmospheric conditions, has received much less attention to date [12-16]. 

Clearly, comprehensive knowledge of the oxidation behavior of amorphous alloys is 

indispensable for assessing their durability and reliability under practical operating 

conditions. In the absence of grain boundaries in the amorphous state (cf. Ref. [17]), 

thermal or plasma (pre-)oxidation of (usually) homogeneous amorphous alloys is 

expected to result in a highly uniform oxide barrier, and this uniformity enhances the 

adhesion and corrosion resistance of the barrier. 

The growth kinetics and developing microstructure of oxide layers formed on 

multicomponent Zr-based amorphous alloys by oxidation are mainly determined by the 

oxidation conditions (e.g. temperature, time, pressure, humidity) and the nominal (bulk) 

composition of the alloy [14, 18-20]. During oxidation, the composition of the alloy 

adjacent to the developing oxide overlayer can strongly deviate from the bulk alloy 

composition due to the combined effects of, for example, preferential oxidation, 

interfacial segregation and the nucleation of crystalline intermetallic phases. Typically 

cumbersome experimental assessments of the oxidation-induced microstructural 

changes in the alloy, as a function of the oxidation conditions, are then needed to 

unravel the oxidation mechanism. Such comprehensive experimental oxidation studies 

have been reported for crystalline binary, ternary and quaternary alloys [21-24], but are 

very scarce ([25, 26]) for amorphous alloys. Furthermore, it is emphasized that, due to 

the amorphous state of the parent alloy substrate, growth stresses in the developing 

oxide overlayer due to lattice mismatch strain do not occur and, consequently, the 

evolution of the oxide microstructure likely differs from the development of the oxide 

microstructure on its crystalline alloy counterpart [27]. It is concluded that the 

underlying oxidation mechanisms of amorphous alloys are still poorly understood. 

As a first step to improve fundamental understanding of the oxidation behavior of 

multicomponent Zr-based amorphous alloys, oxidation studies of binary Zr-based 

amorphous alloy systems, like Al-Zr and Cu-Zr alloys, have to be performed. One may 
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wonder how different or equal affinities for oxygen of the components of the alloy (in 

the present study: Al and Zr; cf. Ref. [28] for the oxidation of crystalline Al-Ti alloys) 

work out for the oxidation kinetics and developing oxide-layer microstructure. 

Revealing the preferentially oxidizing species in (crystalline) binary alloy systems of 

components with similarly strong oxygen affinities can in particular be difficult; for 

Mg-Al, see e.g. Ref. [22]. To the best of our knowledge, only one previous study has 

been reported on the oxidation of amorphous Al-Zr binary alloys [29], which involved 

the thermal oxidation of amorphous AlxZr1-x (38 at.% – 70.7 at.% Zr) thin films with a 

limited thickness of 150 nm. At elevated oxidation temperatures (up to 700 °C), the 

amorphous Al-Zr layer of only 150 nm thick fully transformed into oxide (a detailed 

investigation of the oxide composition or elemental depth distribution was not 

performed). Clearly such a process is not representative of the oxidation behavior of 

bulk amorphous Al-Zr alloys (as addressed in the present study). 

The current paper presents a comprehensive investigation of the thermal oxidation 

of 2 µm thick (bulk-like) amorphous Al0.44Zr0.56 (am-Al0.44Zr0.56) alloy coatings at 500 

°C and 560 °C and at pO2 = 1×105 Pa. At these elevated temperatures, diffusion of 

oxygen in the oxide, as well as oxygen dissolution in the alloy substrate, are thermally 

activated and relatively thick oxide layers (i.e. thicknesses > 50 nm; see Sec. 4.3.3) 

develop on the amorphous alloy substrate. The developing oxide film microstructure 

and the oxidation-induced compositional and microstructural changes in the parent am-

Al 0.44Zr0.56 alloy substrate were investigated by a combinatorial experimental approach 

using X-ray diffraction (XRD), cross-sectional (analytic) transmission electron 

microscopy (TEM) and Auger electron spectroscopy (AES) sputter-depth profiling. 

Furthermore, the oxide-film growth kinetics was investigated by spectroscopic 

ellipsometry (SE). The thus-obtained results on the growth kinetics and the developing 

oxide-layer microstructure were discussed in terms of the mechanisms and processes 

governing the oxidation of amorphous Al-Zr alloy systems. 

4.2 Experimental procedures and data evaluation 

4.2.1 Specimen preparation 

Amorphous Al-Zr alloy coatings were deposited onto Si(100) wafers, covered with a 50 

nm-thick thermally grown SiO2 layer, by co-sputtering from pure Al (purity 99.9995 

wt.%) and Zr (purity 98.5 wt.%) targets in an ATC 1500 F high-vacuum sputter system 
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(base pressure ~ 5×10- 6 Pa; AJA International Inc.). The Ar gas (purity 99.9999 at.%) 

was introduced into the system at a constant flow rate of 18 ml/min, leading to an 

equilibrium chamber pressure of 0.5 Pa. The deposition of the amorphous Al-Zr coating 

was carried out for 3 h, applying direct current (DC) powers of 119 W and 93 W for the 

Zr and Al targets, respectively, and a substrate rotation speed of 10 rpm. The sputter 

depositions were performed without active cooling and, consequently, the substrate 

temperature gradually increased from room temperature up to about 80 ºC after 3 h of 

deposition. 

The as-deposited coatings have a uniform thickness of about 2 µm (as measured 

with a DekTak 8 profilometer) and a nominal composition of 44 at.% Al and 56 at.% Zr 

(as measured by electron probe microanalysis using a Cameca SX100 microprobe 

system). The amorphous structure of the as-deposited Al0.44Zr0.56 alloy was confirmed 

by XRD and TEM (see Figure 4.9 and discussion thereof in the supporting information). 

The specimens are further designated as am-Al0.44Zr0.56 alloy. 

4.2.2 Oxidation of the am-Al0.44Zr0.56 alloy 

The as-deposited am-Al0.44Zr0.56-coated wafers were cut into small pieces (14×14 mm2), 

each of which was enclosed in a separate quartz ampoule. The ampoules were evacuated 

and then filled with pure oxygen up to an oxygen partial pressure of pO2 = 3.50×104 Pa 

at room temperature (RT), which corresponds to pO2 = 1×105 Pa at 560 °C. 

Subsequently, the sealed ampoules were introduced into a pre-heated furnace at Tox = 

560 °C for different oxidation times (tox = 15, 30, 45, 60, 120, 180, 240, 300 minutes). 

After the chosen oxidation times, the ampoules were taken out of the furnace and 

immediately quenched in water (T ~ 18 °C). Analogously, an additional series of 

oxidation experiments was performed at Tox = 500 °C for oxidation times of tox = 60, 

120, 180, 240 and 300 minutes (pO2 = 3.8×104 Pa at RT / pO2 = 1×105 Pa at 500 °C). 

4.2.3 X-ray diffraction 

The phase constitution and crystallinity of the as-deposited and oxidized am-Al0.44Zr0.56 

alloys were determined by XRD. To this end, θ-2θ scans were recorded over a 2θ range 

from 10° to 65° using a Bruker D8 Discover diffractometer, operating in parallel-beam 

geometry, applying Cu-Kα radiation (λ = 1.54056 Å) combined with an energy-

dispersive detector. 
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4.2.4 Spectroscopic ellipsometry  

The oxidation kinetics of the am-Al0.44Zr0.56 alloy was investigated by SE using a J.A. 

Woollam M-2000TM spectroscopic ellipsometer equipped with a Xenon light source 

(wavelength λ range: 300–850 nm). The ellipsometric parameters Ψ and ∆ as functions 

of λ were recorded at variable incident angles ϕ = 60°, 65°, 75° and 80° (with respect to 

the surface normal) from the as-prepared and oxidized alloy. To determine the oxidation 

kinetics from the measured spectra of Ψ(λ, ϕ) and ∆(λ, ϕ), a method similar to that 

described in Refs. [30, 31] has been used, in which the evolving alloy substrate/oxide 

layer system is described by an optical model incorporating an am-Al0.44Zr0.56 substrate 

covered with a double-layered structure including an external (i.e. surface-adjacent) 

oxide layer of uniform thickness, Lox, and an intermediate (interface-adjacent) layer of 

uniform layer thickness, LEMA. More details of the optical model and the fitting 

procedure/parameters are given in the supporting information. 

4.2.5 Transmission electron microscopy  

The microstructure of the oxidized am-Al0.44Zr0.56 alloy was studied by TEM using a 

Philips CM 200 microscope operated at 200 kV and by energy-filtered TEM (EFTEM) 

using a Zeiss 912 Omega microscope operated at 120 kV. Cross-sectional TEM 

specimens were prepared using the so-called “tripod polishing method” (see the 

supporting information for the detailed procedure). Elemental distributions in the 

oxidized am-Al0.44Zr0.56 alloys were obtained by EFTEM imaging at the Al L edge (73 

eV), the Zr M edge (180 eV) and the O K edge (532 eV) in the cross-sectional lamellae 

of the oxidized am-Al0.44Zr0.56 alloys. A standard three-window method [32] (two pre-

edge signal windows before the ionization-edge and a post-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 developing oxide layer and the adjacent alloy 

substrate were determined by AES sputter-depth profiling. To this end, alternating 

cycles of AES analysis and ion sputtering were performed with a JEOL JAMP 7830F 

scanning Auger microscope. During each measurement step, spectra of the Al LMM, Zr 

MNN and O KLL Auger lines were recorded using a primary electron beam of 10 keV 

and 15 nA scanning an area of 10×10 µm2. The sputtering steps were performed for 30 s 

using a focused 3 kV Ar+ beam with a current of about 0.7 µA, scanning an area of 



Chapter 4  

80 

500×500 µm2. To prevent differential charging of the insulating oxide layer during the 

analysis steps, each specimen was precoated with a 50 nm thick Al capping layer (by 

magnetron sputtering) prior to the AES analysis. The peak-to-peak intensities of the 

various oxidic and metallic spectral contributions were resolved from the differential 

AES spectra using the linear least-squares fitting procedure as implemented in the Phi-

MultiPak software (version 7.5). For each recorded sputter-depth profile, a linear 

conversion of the cumulative sputter time to the (approximate) sputter depth was 

performed by applying the sputter rate as determined from the known Al capping layer 

thickness of 50 nm (see above). Concentration-depth profiles for the resolved metallic 

and oxidic Al and Zr signals and the O signal were obtained by multiplying the 

respective peak-to-peak intensities with experimentally determined sensitivity factors 

(see the supporting information) and normalizing to 100 at.%. 

4.3 Results 

4.3.1 Oxidation of the am-Al0.44Zr0.56 alloy at 500 °C 

The evolution of the XRD patterns of the am-Al0.44Zr0.56 alloy for different oxidation 

times up to 300 minutes at 500 °C (pO2 = 1×105 Pa) is presented in Figure 4.1a. All 

recorded diffraction patterns only display a broad intensity hump at 2θ ~ 36°, which 

originates from the am-Al0.44Zr0.56 alloy. It is thus concluded that neither a crystalline 

oxide phase nor a crystalline metallic phase (due to nucleation of a crystalline 

intermetallic or solid-solution phase) develops upon prolonged oxidation at 500 °C. 

Corresponding cross-sectional TEM analysis indeed reveals the formation of an 

amorphous oxide layer with a uniform thickness of about 300 nm after oxidation at 

500 °C for 300 minutes (see micrograph and selected-area electron diffraction pattern 

(SADP) in Figure 4.1b). With increasing oxidation time, the recorded XRD intensity 

hump at 2θ ~ 36° corresponding to the am-Al0.44Zr0.56 alloy decreases (see Figure 4.1a), 

which is attributed mainly to the reduction in the thickness of the am-Al0.44Zr0.56 alloy 

substrate due to the amorphous oxide growth and partially to X-ray absorption by the 

overgrown amorphous oxide. The XRD patterns further evidence a development of 

small intensity at around 2θ ~ 30° with increasing oxidation time, which should 

correspond to the X-ray scattering from the growing amorphous oxide layer (cf. Ref. 

[33]). The thickness of the amorphous oxide layer as function of the oxidation time up 
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to 300 minutes at 500 °C, as determined by cross-sectional TEM and SE, is shown in 

Figure 4.2 (for detailed analysis of the oxide-layer growth kinetics, see Sec. 4.3.3). 

As evidenced by AES sputter-depth profiling analysis (see Figure 4.1c), the 

amorphous oxide layer grown at 500 °C contains both oxidized Zr and Al and possesses 

a homogeneous composition of 11.0±0.7 at.% Al, 25.0±0.4 at.% Zr and 63.7±0.6 at.% 

O. This corresponds to a constant Al/Zr atomic ratio of 0.44±0.03 in the amorphous 

oxide, which is lower than the Al/Zr ratio of 0.68±0.01 in the bulk alloy. This implies 

that the amorphous (Zr,Al)-oxide layer is enriched in Zr with respect to the alloy: i.e. Zr 

is preferentially oxidized from the am-Al0.44Zr0.56 alloy. The AES analysis further 

reveals a pronounced dissolution and inward diffusion of O into the alloy substrate 

during oxidation (the O content of the alloy substrate is about 8.6±0.4 at.% at 500 °C; 

see Figure 4.1c). Further, an enrichment (i.e. a pile-up) of Al in the alloy adjacent to the 

reacting interface is observed after the oxidation at 500 °C for 180 minutes (see Figure 

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 am-Al0.44Zr0.56 alloy after oxidization for 

different times (tox) at 500 °C (pO2 = 1×105 Pa). (b) Cross-sectional bright-field TEM 

micrograph of the am-Al0.44Zr0.56 thin film after oxidation at 500 °C for 300 minutes. The arrow 

in (b) indicates the (approximate) location of the oxide/alloy interface. A selected area electron 

diffraction pattern recorded from the amorphous oxide region is shown in the inset of (b). (c) 

Concentration-depth profiles of the am-Al0.44Zr0.56 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 thickness)2 as a function of the oxidation time for the thermal 

oxidation of the am-Al0.44Zr0.56 alloy at 500 °C and 560 °C (at pO2 = 1×105 Pa), as determined 

independently by spectroscopic ellipsometry (SE) and TEM. For details, see Secs. 4.3.3 and 

4.4.1. Note that the error bars are smaller than the size of the symbols: the standard deviation of 

the thickness values determined by TEM is ± 5 nm; the figure of merit (FOM) for the thickness 

values determined by SE is ± 0.26 nm. 

4.3.2 Oxidation of the am-Al0.44Zr0.56 alloy at 560 °C 

4.3.2.1 Oxide microstructure 

XRD analysis of the am-Al0.44Zr0.56 alloy after oxidation at 560 °C (also) shows no 

formation of a crystalline oxide during initial oxidation up to 60 minutes (i.e. again only 

a distinct broad intensity hump from the am-Al0.44Zr0.56, and a small intensity increase at 

2θ ~ 30° from the amorphous oxide, is observed in the recorded diffraction patterns; see 

Figure 4.3 and cf. Sec. 4.3.1). This is in accordance with the cross-sectional TEM 

analysis presented in Figure 4.4b-e, showing the formation of an amorphous oxide layer 

with a very uniform thickness for oxidation times up to 60 minutes. The thickness of the 

amorphous oxide layer as function of oxidation time up to 60 minutes, as determined by 

cross-sectional TEM and SE, is shown (also) in Figure 4.2 (for discussion, see Sec. 

4.3.3). The amorphous oxide layers grown at 500 °C and at 560 °C (up to 60 minutes) 

will be designated hereinafter as am-(Zr,Al)-oxide layer. 
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Figure 4.3: XRD patterns recorded from the am-Al0.44Zr0.56 alloy after oxidization for different 

times (tox = 15 min – 300 min) at 560 °C (pO2 = 1×105 Pa), indicating the formation of a 

crystalline tetragonal ZrO2 phase (t-ZrO2) for tox > 60 minutes. 

After 120 minutes of oxidation, sharp diffraction peaks are observed in the 

recorded XRD patterns (see Figure 4.3), which can be unambiguously attributed to the 

formation of a crystalline tetragonal ZrO2 (β-ZrO2) phase (further designated as t-ZrO2; 

ICDD card 00-042-1164 [34]). The corresponding cross-sectional TEM analysis shows 

that the first oxide crystallites have already nucleated in the alloy substrate close to the 

interface between the am-Al0.44Zr0.56 alloy substrate and the external (i.e. surface-

adjacent) amorphous oxide layer after 45 minutes of oxidation: see Figure 4.4d. The 

density of the initial oxide nuclei (as distributed along the interface), as well as (to a 

lesser extent) the average crystallite size, both increase with increasing oxidation time. 

Obviously, at the very early stage of crystallization, the tiny t-ZrO2 crystallites are too 

small to be detected by XRD. Analysis of recorded SADPs of the oxide crystallites in 

TEM confirm that the crystalline oxide phase corresponds to t-ZrO2: see Figure 4.4g 

(SADP) and h (dark-field image). The diffraction pattern in Figure 4.4g contains two 

sets of diffraction spots rotated about 5° relative to each other, which suggests that the 

corresponding t-ZrO2 crystalline particle (see Figure 4.4h) contains a small-angle grain 

boundary. 
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After initiation of nucleation of t-ZrO2, the growth of the external am-(Zr,Al)-

oxide layer retards with respect to the parabolic growth behavior (see Sec. 4.3.3) of 

earlier times: continued oxidation predominantly involves continued nucleation and 

growth of t-ZrO2 underneath the external am-(Zr,Al) oxide layer (cf. cross-sectional 

TEM images in Figure 4.4e and f). The t-ZrO2 crystallites preferentially grow inwardly 

(i.e. into the interior of the am-Al0.44Zr0.56 alloy substrate) and thereby develop an 

irregular (dendritic-like) morphology without distinct crystal facets (see Figure 4.4e). 

After 120 minutes of oxidation at 560 °C (see Figure 4.4f), the t-ZrO2 crystallites have 

coalesced into a seemingly laterally continuous crystalline layer of irregular thickness 

underneath the initially formed external am-(Zr,Al)-oxide layer. Upon continued 

oxidation (180 minutes - 300 minutes), this layer grows further into the am-Al0.44Zr0.56 

alloy substrate, as shown by the cross-sectional bright-field and dark-field TEM images 

for an oxidation time of 180 min in Figure 4.5a-c. A high-magnification dark-field TEM 

image (taken by selecting a diffraction spot from t-ZrO2) of the crystalline oxide layer 

region for the oxidation time of 300 min (Figure 4.5d) shows that this crystalline oxide 

layer is not completely compact and actually consists of interconnected branches of t-

ZrO2 crystallites. Therefore the crystalline oxide layer will be further designated as a 

(quasi-)continuous t-ZrO2 layer. 
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Figure 4.4: Cross-sectional bright-field TEM images of as-deposited am-Al0.44Zr0.56 thin film 

(a) before oxidation, and after oxidation at 560 °C (pO2 = 1×105 Pa) for (b) 15 minutes, (c) 30 

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

corresponding SAD patterns from selected regions in the amorphous oxide layer adjacent to the 

surface. The arrows in (b) and (c) indicate the (approximate) location of the alloy/am-oxide 

interface. The SAD pattern taken at the t-ZrO2 crystallite marked in (e) is shown in (g). The 

corresponding dark field-TEM image, as obtained by selecting the diffraction spots marked in 

(g), is shown in (h). 
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Figure 4.5: Cross-sectional TEM analyses of the am-Al0.44Zr0.56 specimen oxidized at 560 °C 

(pO2 = 1×105 Pa) for 180 minutes. (a) bright-field TEM image, (b) SAD pattern taken at the 

crystalline t-ZrO2 region marked in (a), (c) dark-field TEM image as obtained by selecting the 

0-20 t-ZrO2 diffraction spot marked in (b). The cracks in the surface oxide layer (dark lines in 

(c) originate from TEM sample preparation. (d) dark-field TEM image (taken by selecting a 

diffraction spot from t-ZrO2) of the crystalline oxide region of the am-Al0.44Zr0.56 specimen 

oxidized at 560 °C (pO2 = 1×105 Pa) for 300 minutes, showing that the crystalline oxide region 

is composed of interconnected branches of t-ZrO2 crystallites. 

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

ZrO2) 

The local elemental distributions of Al, Zr and O in the (quasi-)continuous t-ZrO2 layer, 

as formed after prolonged oxidation (i.e. tox = 180 min) at 560 °C, were analyzed by 

EFTEM: see Figure 4.6. A bright-field TEM image of the investigated crystalline oxide 

region is shown in Figure 4.6a. Individual EFTEM elemental maps of the Al L edge 

(green), the Zr M edge (blue) and the O K edge (red) are presented in Figure 4.6b-d, 

respectively. An overlay of the individual elemental maps of Al, Zr and O is shown in 

Figure 4.6e. The purple-colored areas in the branch-like structure of Figure 4.6e result 

from the overlapping of the signal contributions of Zr and O in Figure 4.6c and d, 

respectively. It follows that the (Zr,O)-rich purple-colored areas in the branch-like 
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structure in Figure 4.6e correspond to pure t-ZrO2 crystallites, i.e. no (or a negligible) 

amount of Al is detected in the t-ZrO2 phase. 

The EFTEM analysis further reveals a pronounced Al enrichment (as compared to 

the alloy substrate) in the matrix surrounding the t-ZrO2 crystallites (Figure 4.6b). The 

corresponding AES analysis (see Sec. 4.3.2.3) also evidences a lower concentration of 

metallic Zr between the branches of t-ZrO2, which could not be detected by EFTEM 

analysis (due to its lower sensitivity); this metallic Zr is likely left over from the alloy 

substrate upon developing of the t-ZrO2 branches. The inter-branch regions entangling 

the t-ZrO2 crystallites thus correspond to an Al-enriched Al-Zr alloy (possibly with 

some dissolved remaining oxygen), which is amorphous as proven by XRD and TEM.  

 

 

Figure 4.6: (a) Bright-field TEM image of the am-Al0.44Zr0.56 specimen oxidized at 560 °C for 

180 minutes showing the continuous crystalline oxide, t-ZrO2 layer. Elemental mapping of (b) 

the Al L edge at 73 eV (green), (c) the Zr M edge at 180 eV (blue) and (d) the O K edge at 532 

eV (red). (e) Overlay of the individual elemental maps of Al, Zr and O (note: the purple color 

results from the overlapping signal intensities of Zr and O). The uniform dark grey area in (a) 

corresponds to the am-Al0.44Zr0.56 alloy substrate (not electron transparent). 
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4.3.2.3 Depth-resolved chemical constitution 

The measured AES sputter-depth profiles after thermal oxidation of the am-Al0.44Zr0.56 

alloy for 15, 30, 45, 180 and 240 minutes at 560 ºC are shown in Figure 4.7a-f, 

respectively. The Al capping layer, as deposited on top of the alloy after oxidation, is 

clearly resolved in all sputter-depth profiles (see Sec. 4.2.6). As evidenced by XRD and 

TEM (see Sec. 4.3.2.1), for t ≤ 60 minutes, an amorphous oxide layer of uniform 

thickness has formed and pronounced nucleation of t-ZrO2 has not yet occurred. The 

corresponding AES sputter-depth profiles for tox = 15 min (Figure 4.7a), tox = 30 min 

(Figure 4.7b) and tox = 45 min (Figure 4.7c) show a homogeneous composition of the 

amorphous (Zr,Al)-oxide layer. The amorphous (Zr,Al)-oxide layer is enriched in Zr 

(relative to Al, as compared to the substrate) and overall contains 10.7±1.0 at.% Al and 

25.5±0.6 at.% Zr at 560 ºC. The composition of the amorphous oxide layer remains 

approximately constant upon continued oxidation (which involves predominantly 

subsequent growth of t-ZrO2) up to 240 minutes at 560 ºC (cf. Figure 4.7). Moreover, 

the compositions of the amorphous oxide layers grown at 500 ºC and 560 ºC are 

practically the same (within experimental accuracy). 

The AES analysis reveals the occurrence of a pronounced dissolution and inward 

diffusion of O into the underlying alloy substrate during oxidation, which indicates a 

high diffusivity of O anions through the developing am-(Zr,Al) oxide layer at 560 ºC. 

For the amorphous oxide-growth regime up to tox = 45 min, an enrichment of Al in the 

alloy substrate adjacent to the reacting interface is observed (Figure 4.7a-c), which runs 

parallel with a slight, gradual increase of the dissolved O concentration in front of the 

Al-enrichment zone (Figure 4.7d). The enrichment of Al in the substrate at the reacting 

alloy/oxide interface has disappeared after oxidation for 180 and 240 minutes at 560 ºC 

(see Figure 4.7e and f), i.e. after the nucleation and lateral growth of t-ZrO2. After these 

prolonged oxidation times at 560 ºC, a double-layered oxide structure has developed, 

which consists of a surface layer of amorphous (Zr,Al)-oxide and a bottom 

(quasi-)continuous layer (see Sec. 4.3.2.2) of polycrystalline t-ZrO2: as shown in 

Sections 4.3.2.1 and 4.3.2.2. The AES depth profiles after 180 and 240 minutes show 

that the t-ZrO2 growth front gradually advances inwardly (i.e. the region containing t-

ZrO2 thickens), whereas growth of the am-(Zr,Al)-oxide layer retards (with respect to 

the parabolic growth behavior observed for tox ≤ 60 minutes; see Sec. 4.3.3). A constant 

(stoichiometric) O/oxidic-Zr atomic ratio is established across the polycrystalline oxide 
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region (i.e. intensity plateaus of the O and oxidic Zr signals are observed; see Figure 

4.7e and Figure 4.7f). The AES analysis also exposes the presence of enriched (as 

compared to the alloy substrate) metallic Al (and some metallic Zr) within the 

polycrystalline oxide region. The oxidic Al intensity within the crystalline oxide region 

is practically negligible. These AES results are fully consistent with the corresponding 

XRD, TEM and EFTEM analyses (discussed in sections 4.4.2, 4.3.2.1 and 4.3.2.2), 

indicating that the inter-branch regions surrounding the t-ZrO2 crystallites correspond to 

a relatively Al-rich amorphous Al-Zr solid solution (see Figure 4.7f). 

4.3.3 Oxidation kinetics at 500 °C and 560 °C 

The square of the oxide-layer thickness, as determined by SE (Ltotal = Lox+LEMA, see 

Section 4.2.4) and by cross-sectional TEM analysis (see Section 4.2.5), have been 

plotted as a function of the oxidation time in Figure 4.2 for the oxidation experiments at 

500 °C and 560 °C (at pO2 = 1×105 Pa). The total oxide-layer thickness values obtained 

by SE, Ltotal = Lox+LEMA, as introduced in the optical model (see Sec. 4.2.4), are in very 

good agreement with oxide-layer thickness values independently determined by TEM 

(see Secs. 4.3.1 and 4.3.2.1). The EMA thickness values, LEMA, describing the changes 

of the optical constants of the evolving substrate/film system adjacent to the oxide/alloy 

interface (see Sec. 4.2.4), are (very) much smaller than the corresponding thickness 

values, Lox, of the bulk amorphous oxide top layer: At 500 °C, LEMA equals 

21.8±3.2 nm, approximately independent of oxidation time and temperature. At 560 °C, 

LEMA gradually decreases with increasing oxidation time from 23.3±0.3 nm after 

tox = 30 minutes to 17.8±0.1 nm after tox = 45 minutes. 

As soon as a t-ZrO2 has significantly nucleated at the interface between the am-

(Zr,Al) oxide layer and the alloy substrate (i.e. for t ≥ 60 minutes at 560 °C, as in 

particular shown by TEM in Sec. 4.3.2.1), the optical model fails to describe the 

measured spectra of Ψ(λ, ϕ) and ∆(λ, ϕ). Then only the thickness value determined by 

TEM can be used for the oxidation time of 60 minutes at 560 °C. 
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Figure 4.7: AES elemental concentration-depth profiles of the am-Al0.44Zr0.56 alloy after 

oxidation at 560 °C for: (a) 15 minutes, (b) 30 minutes, (c) 45 minutes, (e) 180 minutes and (f) 

240 minutes. (d) shows a comparison of Al and O concentrations at the amorphous 

oxide/amorphous alloy interface for am-Al0.44Zr0.56 samples oxidized at 560 °C for 15, 30 and 45 

minutes. (Relative sputter depth: 0 = maximum of Al enrichment for 30 and 45 minutes 

oxidation; for the specimen without Al enrichment (15 minutes oxidation) the relative sputter 
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depth was set by letting coincident the oxygen levels at large depths (larger than 100 nm below 

the amorphous oxide layer) for the experiments for 15 and 30 minutes of oxidation. 

The observed linear relationship between (layer thickness)2 and oxidation time 

(see Figure 4.2) implies that the oxidation kinetics of the am-Al0.44Zr0.56 alloy obeys a 

parabolic growth law. This suggests that, at 500 °C and 560 °C (t ≤ 60 min), the rate of 

oxidation of the am-Al0.44Zr0.56 alloy is rate-limited by diffusion of reactants through the 

am-(Zr,Al) oxide layer, i.e. presumably by the diffusion of oxygen anions (see 

discussion in Sec. 4.4.1). Note that the intercepts of the linear fit of CO`OaM)  versus t in 

Figure 4.2 cross the origin (within experimental accuracy), implying a parabolic oxide 

growth behavior from the beginning of oxidation. The experimentally determined 

parabolic growth constants equal kp = 4.92×10-14 cm2/s and kp = 2.62×10-13 cm2/s at 500 

°C and 560 °C, respectively (see Figure 4.2 and discussion in Sec. 4.4.1). 1 

4.4 Discussion of oxide-growth behavior and mechanisms 

On the basis of the results presented in Section 4.3, the oxidation behavior of the am-

Al 0.44Zr0.56 alloy at 500 °C and 560 °C (pO2 = 1×105 Pa) can be subdivided into three 

characteristic (partially overlapping) oxidation regimes, 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 am-Al0.44Zr0.56 alloy at 500 °C and 560 °C (pO2 = 1×105 

Pa) is characterized by the formation and overgrowth of an amorphous (Zr,Al)-oxide 

layer of uniform thickness and homogeneous composition: see Stage I in Figure 4.8. 

Strikingly, the amorphous oxide layers formed at 500 °C and 560 °C have the same 

nominal composition, practically independent of the oxidation time. The average Al and 

Zr contents of the amorphous oxide layers, as determined from the measured AES depth 

profiles after various oxidation times at 500 °C and 560 °C, are 10.8±0.8 at.% Al and 

25.2±0.5 at.% Zr. The corresponding Al/Zr-atomic ratio of 0.43±0.03 for the amorphous 

oxide layer is significantly lower than the Al/Zr-ratio of 0.68±0.01 of the bulk am-

Al 0.44Zr0.56 alloy (see Figure 4.1c and Figure 4.7). Hence Zr is preferentially oxidized 

from the am-Al0.44Zr0.56 alloy substrate. 

                                                 
1 The parabolic growth constants were obtained according to kp = CO`OaM) /t. 
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The Gibbs energies of formation, ∆fG
0, (in kJ per mole O) at 800 K (i.e. in 

between 500 °C and 560 °C) for the common crystalline ZrO2 and Al2O3 single-oxide 

phases, as well as for amorphous ZrO2 and Al2O3 (as estimated from the respective 

configurationally frozen liquid oxide phases below the glass transition [27]) have been 

gathered in Table 4.1. It follows that the listed bulk Gibbs energies of formation (per 

mole O) are practically identical for am-Al2O3 and am-ZrO2. Hence bulk 

thermodynamic considerations cannot explain the observed preferential oxidation of Zr 

from the am-Al0.44Zr0.56 alloy. The constant homogeneous composition of the 

amorphous (Zr,Al)-oxide phases independent of oxidation time and temperature instead 

suggests the existence of a distinct minimum in the Gibbs energy of mixing of the 

homogeneous (Al2O3)x(ZrO2)y solid solution at a composition of 10.8±0.8 at.% Al and 

25.2±0.5 at.% Zr, likely in combination with a favorably low interface energy between 

the amorphous oxide and the amorphous solid solution (due to the absence of lattice-

mismatch strains; see [35, 36] and also Section 4.4.2). Ongoing structural investigations 

in combination with a detailed thermodynamic assessment of the Al2O3-ZrO2 pseudo-

phase diagram by the present authors indeed reveal metastability for an amorphous 

(AlO1.5)0.5(ZrO2)1 ternary oxide phase [37]. It is thus concluded that, in the studied 

oxidation regime, the phase constitution of the oxide layer is not determined by the 

reaction kinetics (e.g. by a flux balance of the rates of incorporation of Zr and Al into 

the growing oxide and the rates of diffusion of Al and Zr from the interior of the bulk 

alloy to the reacting alloy/oxide interface; e.g. see Ref. [38]). 
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Table 4.1: The Gibbs energies of formation, ∆fG
0 (in kJ per mole O), at 800 K (and at 1 atm) 

for common crystalline ZrO2 and Al2O3 pure oxide phases, as well as for amorphous ZrO2 and 

amorphous Al2O3 (estimated from the corresponding configurationally frozen liquid phases 

below the glass transition [27]). All necessary thermodynamic data were taken from [39]. 

Chemical formula  ∆fG
0 in kJ/mol O atom at 800 K 

Monoclinic α-ZrO2 -473 

Tetragonal β-ZrO2 -470 

am-ZrO2 -445 

Rhombohedral α-Al 2O3 -475 

Cubic γ-Al 2O3 -470 

am-Al2O3 -445 

 

The am-Al0.44Zr0.56 alloy dissolves a considerable amount of oxygen during 

oxidation at T ≥ 500 °C (see Section 4.3.2.3). This indicates that at T ≥ 500 °C, oxygen 

anions can easily migrate through the developing am-(Zr,Al)-oxide layer towards the 

reacting oxidation front, presumably by a “vacancy”-like diffusion mechanism (as 

discussed for the oxygen diffusion in amorphous Al2O3 [40]), to dissolve and diffuse 

into the am-Al0.44Zr0.56 alloy substrate. The transport of O anions through the thickening 

am-(Zr,Al)-oxide layer towards the oxide/alloy interface requires coupled currents of 

negatively charged O anions (as generated by dissociative chemisorption at the outer 

surface) and positively charged O “vacancies” (as generated by the steady-state 

dissolution of O anions from the oxide layer into the am-Al0.44Zr0.56 substrate, analogous 

to the thermal oxidation of pure crystalline (α-)Zr [41, 42]), as well as of electrons and 

electron holes (by thermionic emission, which is not considered to be rate-limiting at T 

≥ 500 °C [41, 43]). The significant solubility and diffusivity of oxygen in the am-

Al 0.44Zr0.56 alloy substrate relates to the intrinsically high solubility and diffusivity of 

oxygen in pure crystalline (α-)Zr,2 which has an oxygen solubility of as high as 28.6 

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

                                                 
2 The amount of oxygen that can be dissolved in α-Zr increases with increasing temperature: Odissolv (at.%) 
= 28.6 + exp(-6748T-1+4.748) for 473 ≤ T ≤ 1478 K [44]. The diffusion coefficient of oxygen in α-Zr (DV 
= 0.0661·10-4

·exp(-184096/RT) in m2/s) is 2.4×10-18 m2/s at T = 773.15 K and 1.9×10-17 m2/s T = 833.15 
K [45]. 
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900 °C [46]) was found in α2-Ti3Al, which relates to the high oxygen solubility in α-Ti 

(32 at.% O at 900 °C) [28, 47]. The large O solubility in Zr metal is in great contrast to 

the negligible O solubility in pure crystalline Al. Thus, it is expected that the O 

solubility limit decreases with increasing Al content in the amorphous AlZr solid 

solution, which has indeed been experimentally observed [37]. 

The oxidation process has induced considerable changes in the composition of the 

am-Al0.44Zr0.56 substrate in the vicinity of the formed oxide layer. For the oxidation 

experiments at T = 560 °C (see Section 4.3.2.3), Al enrichment in the alloy develops 

adjacent to the alloy/am-(Zr,Al)-oxide interface for oxidation times up to 45 minutes: 

see Figure 4.7b-d. Such gradual enrichment of Al at the reacting interface is induced by 

the preferential oxidation of Zr from the am-Al0.44Zr0.56 alloy (see above discussion) and 

the concurrent oxidation-induced (inward) migration of the am-(Zr,Al)-oxide/alloy 

interface. As shown in Figure 4.7d, the decreased O solubility limit of the Al-enriched 

region then induces expulsion of dissolved oxygen to larger depths in front of the Al-

enrichment zone. These effects are less pronounced for the oxidation at the lower 

temperature of 500 °C, as the oxidation kinetics are much slower (cf. Figure 4.1c and 

Figure 4.7d).  

After the formation of a closed amorphous (Zr,Al)-oxide layer, which acts as a 

diffusion-barrier layer for the reactants, a (diffusion-controlled) parabolic growth law is 

established with parabolic growth constants of kp = 4.92×10-14 cm2/s and kp = 2.62×10-13 

cm2/s at 500 °C and 560 °C, respectively (see Figure 4.2). These parabolic growth 

constants for the external growth of the am-(Zr,Al)-oxide layer on the am-Al0.44Zr0.56 

alloy are similar to the parabolic growth constants of kp
Zr= 1.41·10-14 cm2/s and kp

Zr= 

4.69·10-14 cm2/s, as reported for oxide-layer growth on crystalline Zr at 500 °C and 550 

°C [48]; the parabolic growth constant as reported for the oxidation of crystalline Al at 

500 °C (at pO2 = 1×104 Pa), is significantly lower: kp
Al = 8.89×10-18 cm2/s [49]. 3 The 

parabolic oxidation rates are governed by the rate of oxygen diffusion through the 

thickening am-(Zr,Al)-oxide layer towards the oxide/alloy interface via the anion-

“vacancy” exchange mechanism, as discussed above (for details, see Refs. [40, 41]) and 

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

                                                 
3 The parabolic growth constants were given in units of g2/cm4s in Refs. [48, 49]. These data have been 
recalculated here in units of cm2/s by considering the densities of monoclinic ZrO2 (5.73 g/cm3) [50] and 
γ-Al 2O3 (3.69 g/cm3) [49], respectively. 
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Ref. [12] and references therein). The oxide-growth rate could be co-determined by the 

degree of Al-enrichment at the reacting alloy/am-(Zr,Al)-oxide, because this Al 

enrichment decreases the flux of dissolved O into the alloy substrate, thereby reducing 

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

4.4.2 Stage II: interfacial nucleation of t-ZrO2 

After the initial formation and growth of an amorphous (Zr,Al)-oxide layer on the am-

Al 0.44Zr0.56 alloy (Stage I), t-ZrO2 nanocrystallites nucleate in the alloy substrate close to 

the interface between the am-Al0.44Zr0.56 alloy and the external amorphous oxide layer: 

see Stage II and its enlarged part IIa in Figure 4.8 (see also Figure 4.4d). The 

development of t-ZrO2 is only observed after 45 minutes of oxidation at 560 °C and not 

upon prolonged oxidation at 500 °C. This suggests that the barrier for t-ZrO2 nucleation 

at the reacting interface can only be surmounted at 560 °C. Distinct differences in the 

compositional gradients develop at the reacting alloy/am-(Zr,Al)-oxide interface during 

the oxidation experiments at 500 °C and 560 °C. This can explain the exclusive 

nucleation of t-ZrO2 at 560 °C, and not at 500 °C, as follows. 

The nucleation of t-ZrO2 in the O-dissolved zone in the alloy substrate involves 

the mechanism of internal oxidation in binary alloys in the presence of an external oxide 

scale (here: am-(Zr,Al)-oxide), as originally proposed by Wagner [51] and reviewed in, 

for example, Refs. [52, 53]. The internal formation of t-ZrO2 in the am-Al0.44Zr0.56 alloy 

is thermally activated at locations in the alloy (i.e. at depths below the reacting 

oxide/alloy interface) for which the solubility product Ksp of t-ZrO2 is exceeded: i.e. 


bZr
 × 
b8
) > \de, where bZr and b8 are the activities of Zr and O in the alloy at the 

given location (depth) below the original surface. Upon oxidation at 560 °C, a distinct 

enrichment of dissolved O builds up in front of the Al-enrichment zone at the reacting 

interface (this is not evident at 500 °C): see Figure 4.7d. Thereby the solubility product 

\de may be surpassed, which can trigger the internal formation of t-ZrO2, in the region 

immediately below the region of Al enrichment. Indeed the enrichments of Al and the 

driven-away O at the reacting interface are largest, at successive depths, after 45 

minutes of oxidation at 560 °C (Figure 4.7d), which coincides with the observed onset 

of nucleation of t-ZrO2 at the corresponding depth below the interface (Figure 4.4). 

Hence, the nucleation of t-ZrO2 for the oxidation at 560 °C is caused by oxidation-

induced compositional changes in the alloy below the reacting interface. Indeed, 

significant O-enrichment in the substrate at the reacting alloy/oxide interface cannot be 
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detected after the nucleation of t-ZrO2. The above consideration disregards the barrier to 

oxide nucleation associated with the creation of new internal interfaces between 

crystalline oxide nuclei and the alloy matrix, which introduces excess Gibbs energies to 

the system and, more importantly, here likely rules the type of (metastable) oxide phase 

to nucleate first (here: t-ZrO2, see below). 

Formation of t-ZrO2 at the amorphous-oxide/amorphous-alloy interface has also 

been reported for the oxidation of Zr-Al-(Cu,Ni) metallic glasses in Ref. [54]. However, 

in that case the nucleation of t-ZrO2 was preceded by the nucleation of nanocrystallites 

of an intermetallic compound at the oxide/alloy interface, which may be attributed to 

(also) oxidation-induced compositional changes in the alloy substrate [54]. The 

intermetallic nanocrystallites can provide seeds for the heterogeneous nucleation of t-

ZrO2, because the energy of the interface between the intermetallic (nano)crystallites 

and the external amorphous oxide layer is higher than that of the interface between the 

t-ZrO2 crystallites and the amorphous oxide [54]. In the present work, the nucleation of 

crystalline intermetallic phases in the am-Al0.44Zr0.56 alloy during oxidation does not 

occur (cf. Section 4.6.1 in the supporting information), i.e. the amorphous state of the 

am-Al0.44Zr0.56 alloy is fully preserved upon prolonged oxidation up to 560 °C. 
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Figure 4.8: The oxidation mechanism of am-Al0.44Zr0.56: Schematic illustration of the oxidation 

stages of the am-Al0.44Zr0.56 alloy: (I)  Growth of an amorphous (Al,Zr)-oxide layer of 

homogeneous composition and uniform layer thickness; pile-up of metallic Al in the substrate at 

the oxide/am-Al0.44Zr0.56 interface due to preferential oxidation of Zr followed by a region of O 

enrichment underneath (the oxygen is driven away from the region of Al enrichment due to 

reduced solubility of O), as observed at oxidation temperatures of 500 °C (up to an oxidation 

time of 300 minutes) and 560 °C (up to oxidation times of 45 minutes). (II)  Nucleation of t-

ZrO2 at the amorphous oxide/am-Al0.44Zr0.56 alloy immediately underneath the Al-enriched zone 

due to local surpassing of the solubility product; (IIa) . (III)  Further nucleation of t-ZrO2 nuclei 

and growth of already formed t-ZrO2 nuclei into the am-Al0.44Zr0.56 solid solution matrix: (IIIa) 
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fluctuations in the developing t-ZrO2 morphology and the local compositions in the surrounding 

solid solution matrix (which is rich in Al and poor in Zr and O) destabilize the t-ZrO2 growth 

front, resulting in a dendrite t-ZrO2 morphology; (IIIb)  the final state of the oxide 

microstructure, as developed upon oxidation of am-Al0.44Zr0.56 at 560 °C for 300 minutes: a 

laterally closed (quasi-)continuous oxide layer, consisting of interconnected t-ZrO2 branches 

distributed in an Al-rich amorphous am-AlZr solid solution matrix, has formed below the 

amorphous oxide layer. 

Bulk thermodynamics may be applied such that the crystalline oxide phase with 

the lowest (i.e. most negative) Gibbs energy of formation (per mole O) will 

preferentially be formed in O-supersaturated zones of the am-AlZr alloy (see Table 4.1). 

Consequently the formation of rhombohedral Al2O3 (α-Al 2O3) should preferentially 

occur, although this thermodynamic preference is not very strong; compare the Gibbs 

energies of formation in Table 4.1. However, following Ostwald’s rule of stages, the 

crystalline oxide phase that nucleates first may be a metastable polymorphic variant of 

the stable crystalline oxide phase, with energy closest to that of the initial state [55, 56]; 

for the present investigated system: cubic γ-Al 2O3 (instead of α-Al 2O3) [35] or t-ZrO2 

(instead of monoclinic α-ZrO2) [27]. Remarkably, γ-Al 2O3 and t-ZrO2 have practically 

identical Gibbs energies of formation (see Table 4.1). It then follows that, 

thermodynamically, the nucleation of either γ-Al 2O3 or t-ZrO2 may be exclusively 

determined/selected by a relatively low interface energy of the oxide phase with the 

amorphous alloy matrix (see also Ref. [57]). The Zr-O bond strength is much higher 

than the Al-O bond strength,4 which suggests a lower energy of the amorphous-alloy/t-

ZrO2 interface as compared to the amorphous-alloy/γ-Al 2O3 interface (for a similar 

density of O at the two interface boundary planes [27]). It is thus concluded that the 

observed exclusive nucleation of t-ZrO2 is ruled by interface energetics, in accordance 

with previously reported studies on the oxidation of pure crystalline Zr metal and 

(crystalline/amorphous) Zr-based alloys [59-61]. It has long been recognized that t-ZrO2 

nanocrystallites can be stabilized by their lower surface energy (as compared to the 

monoclinic phase) up to a critical crystallite size of roughly up to about 10 nm [62, 63]. 

It is conceivable that t-ZrO2 nanocrystallites embedded in a foreign matrix can be 

                                                 
4 The Zr–O bond dissociation energy of 753±21 kJ/mol is significantly higher than the Al-O bond 

dissociation energy of 481±8 kJ/mol [58].  
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stabilized up to even larger critical sizes by favorable interface energies with the 

surrounding matrix [27, 63].  

4.4.3 Stage III: growth of dendritic-like t-ZrO2 

After nucleation of t-ZrO2, the oxidation process at 560 °C (i.e. not at 500 °C) is 

characterized by the formation and growth of a (quasi-)continuous t-ZrO2 interfacial 

layer below the external am-(Zr,Al)-oxide layer: see stage III in Figure 4.8. The (quasi-

)continuous t-ZrO2 interfacial layer consists of a branched structure of dendritically 

shaped t-ZrO2 crystallites, immersed in an Al-enriched am-(Al,Zr) matrix phase. 

After nucleation of the first t-ZrO2 nanocrystallites in the alloy substrate close to 

the reacting interface (see Section 4.3.2), subsequent inward progression of the 

oxidation front is governed by the diffusional fluxes of dissolved O and metallic Zr in 

the alloy (amorphous solid solution) to continuously provide O and Zr concentrations 

(locally, where the t-ZrO2 crystallites grow) in excess of those corresponding to the t-

ZrO2 solubility product in the alloy (see above and Refs. [52, 53]). The solubility of Al 

in t-ZrO2 is negligibly small (< 2 at.% Al in monoclinic ZrO2, even smaller in t-ZrO2) 

[64, 65]. Consequently, nucleation and growth of t-ZrO2 crystallites (by selective 

incorporation O and Zr from the supersaturated amorphous solid solution) is associated 

with the expulsion (segregation) of Al out of the region where the t-ZrO2 crystal grows 

(see Figure 4.6). As a result, the growing t-ZrO2 crystallites become embedded in an Al-

enriched matrix, relatively poor in Zr and depleted in O, which impedes their further 

growth. Continued growth of the t-ZrO2 crystals thus depends on local fluctuations of 

the evolving t-ZrO2 crystallite morphology, as well as on (associated; see above) local 

compositional fluctuations in the surrounding alloy matrix. Local protrusions at the 

growing t-ZrO2 surface, which are directed towards high dissolved-O concentrations, 

will preferentially grow and cause a destabilization of the growth front, resulting in a 

dendrite-like structure; see Stage III and its enlarged part IIIa in Figure 4.8 (see also 

Section 4.3.2.2). The developing t-ZrO2 branches do not exhibit any distinct crystal 

facets, indicating that their morphology/growth is not governed by interface energetics. 

Corresponding nucleation and growth of further t-ZrO2 proceeds until a laterally closed 

(quasi-)continuous interfacial t-ZrO2 layer below the external am-(Zr,Al)-oxide layer 

has formed after an oxidation time of 300 minutes at 560 °C: see the relatively late 

development of Stage III in IIIb in Figure 4.8. 
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4.5 Conclusions 

Upon (prolonged) oxidation of amorphous Al0.44Zr0.56 alloys at 500 °C and 560 °C 

under near-atmospheric conditions the alloy preserves its amorphous state. The 

oxidation mechanism can be subdivided into three stages: 

Stage I: The formation of an amorphous (Zr,Al)-oxide layer of homogeneous 

composition and uniform layer thickness upon oxidation at 500 °C (up to 5 h) and 560 

°C (up to 45 minutes). The amorphous oxide layers have the same nominal composition 

characterized by 10.8±0.8 at.% Al and 25.2±0.5 at.% Zr (balance O), practically 

independent of the oxidation time and temperature, which complies with a (local) 

minimum in the Gibbs energy of mixing for the homogeneous amorphous 

(Al 2O3)x(ZrO2)y solid solution. The parabolic growth of the amorphous oxide layer is 

governed by the rate of oxygen diffusion via an anion-“vacancy” exchange diffusion 

mechanism. 

An Al-enrichment in the alloy adjacent to the alloy/am-(Zr,Al)-oxide interface 

occurs upon oxidation at T = 560 °C for oxidation times up to 45 minutes, as induced by 

the preferential oxidation of Zr from the am-Al0.44Zr0.56 alloy. A concurrent expulsion of 

O from the region of Al enrichment to larger depths occurs as a consequence of a 

decreased O solubility in the Al-enriched solid solution. 

Stage II: t-ZrO2 nanocrystallites nucleate, after 45 minutes of oxidation at 560 °C, 

close to the interface between the am-Al0.44Zr0.56 alloy and the external amorphous 

oxide layer immediately underneath the region of Al enrichment. The nucleation of t-

ZrO2 at 560 °C is triggered by the supersaturation of the amorphous AlZr alloy in the O-

enriched region with respect to the solubility product of t-ZrO2. Neither bulk 

thermodynamics nor kinetics (Ostwald’s rule) can fully explain the exclusive 

occurrence of t-ZrO2. The exclusive development of t-ZrO2 can be ascribed to a 

favorable interface energy with the amorphous alloy matrix. 

Stage III: Growth of the t-ZrO2 crystallites (by selective incorporation of O and Zr 

from the supersaturated solid solution) is associated with the expulsion (segregation) of 

Al out of the region surrounding the growing t-ZrO2 particles. As a result, the growing 

t-ZrO2 crystallites become embedded in an Al-enriched matrix, poor in Zr and O, which 

impedes their further growth. Protrusions from the surface of the t-ZrO2 crystallites 

preferentially grow towards oxygen-richer regions in the matrix and, consequently, the 
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growth front becomes unstable and a dendrite morphology develops, 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 Al0.44Zr0.56 alloy 

The X-ray diffraction (XRD) pattern (θ-2θ scan, Cu-Kα radiation, Bruker D8 Discover 

diffractometer) of an as–deposited Al0.44Zr0.56 alloy is shown in Figure 4.9a; it reflects 

only a very broad intensity hump at 2θ  ~ 36° (FWHM = 4.8°, fit with Topas Bruker 

AXS), which implies that the Al0.44Zr0.56 alloy is XRD amorphous. The bright field 

TEM (Philips CM 200, operated at 200 kV) image of a 50 nm thick as-deposited 

Al 0.44Zr0.56 thin film5 and the corresponding selected area electron diffraction pattern 

(SADP), shown in Figure 4.9b, reveal a homogenous phase structure in the bright field 

image and a diffuse amorphous halo in the corresponding SADP, and thereby confirm 

that the Al0.44Zr0.56 thin film is amorphous.  

 

 

Figure 4.9: (a) XRD pattern (θ-2θ scan, Cu-Kα radiation) recorded from the as-deposited am-

Al 0.44Zr0.56 alloy, (b) bright-field TEM micrograph of an as-deposited am-Al 0.44Zr0.56 thin film. A 

selected area electron diffraction pattern (SADP) of the corresponding specimen is shown in the 

inset of (b). 

                                                 
5 For the TEM characterization, approximately 50 nm thick am-Al0.44Zr0.56 thin films were sputter 
deposited for 4 minutes (using the same procedure as described in Sec. 2.1) onto a 20 nm thick 
amorphous SiO2 membrane window (SIMPore Inc.). 
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4.6.2  Optical model fitting of the spectroscopic ellipsometry data; 

determination of the oxidation kinetics 

To determine the oxidation kinetics from the measured spectra of Ψ(λ, ϕ) and ∆(λ, ϕ), 

an optical model for the evolving alloy-substrate/oxide-layer system was constructed in 

the WVASE32 software package (version 3.770), which allowed linear-least squares 

fitting of measured and calculated spectra of Ψ(λ, ϕ) and ∆(λ, ϕ), while employing the 

optical constants (i.e. the refractive index, n(λ) and the extinction coefficient, k(λ)) 

and/or the thickness(es) of the formed oxide layer(s) as fit parameters. The constructed 

optical model incorporates an am-Al0.44Zr0.56 substrate covered with a double-layered 

structure, including an external (i.e. surface-adjacent) oxide layer of uniform thickness, 

Lox, and an intermediate (interface-adjacent) layer of uniform layer thickness, LEMA, 

which possesses optical properties in between those of the am-Al0.44Zr0.56 substrate and 

the surface oxide layer (see what follows).6 The optical constants of the as-prepared am-

Al 0.44Zr0.56 alloy were straightforwardly determined at each wavelength from the 

experimentally measured Ψ(λ, ϕ) and ∆(λ, ϕ) data of the as-deposited (i.e. non-

oxidized)7 am-Al0.44Zr0.56 specimen using a point-by-point fitting procedure in the 

WVASE software package (i.e. by fitting each wavelength separately with n and k as fit 

parameters). The refractive index n(λ) of the transparent (i.e. k(λ) = 0 over the fitted 

wavelength range) surface oxide layer was described with a Cauchy function, i.e. n(λ) = 

A+B/λ2, where A and B are constants. An effective medium approximation (EMA) 

layer, based on the Bruggeman formulation [66], was adopted to describe the optical 

properties of the intermediate layer, employing equal EMA fractions fEMA = 0.5 for the 

optical constants of the surface oxide and the amorphous alloy. An EMA approach is 

generally applied to describe a wide range of “mixing” effects, such as surface and 

interface roughness, compositional or phase mixing and index of refraction grading 

[67]. In the present optical model, the intermediate EMA layer is introduced to account 

for the changes in the optical properties of the alloy at the reacting alloy/oxide interface, 

                                                 
6 Note that the optical constants of the underlying Si substrate can be omitted in the optical model, 
because all light refracted in the 2 µm thick am-Al0.44Zr0.56 coating will be fully absorbed (i.e. the alloy 
coating can be conceived as an infinitely thick alloy substrate). 
7 In fact, the am-Al0.44Zr0.56 alloy substrate unavoidably possesses an ultrathin (below 3 nm) native oxide 
layer at its surface, which can be neglected in the present study, since only the (pseudo-)optical constants 
of the am-Al0.44Zr0.56 alloy substrate are required in the adopted data evaluation procedure. 
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as resulting from the combined processes of oxygen dissolution, preferential oxidation 

and phase mixing (see Sec. 4.3.3). 

For each oxidation temperature, the measured spectra of Ψ(λ, ϕ) and ∆(λ, ϕ) were 

simultaneously fitted for all oxidation times, while adopting a single set of Cauchy 

coefficients (A and B) and variable layer thicknesses Lox and LEMA. The thus obtained, 

optimized Cauchy constants equal A = 2.063, B = 0.02 µm2 for an oxidation 

temperature of 560 °C and A = 2.033, B = 0.02 µm2 for an oxidation temperature of 

500 °C. Thus obtained exemplary values of the refractive index at λ = 600 nm are 

n = 2.090 at an oxidation temperature of 500 °C and n = 2.119 at an oxidation 

temperature of 560 °C. Hence the oxide layers formed at 500 °C and 560 °C have very 

similar optical properties. These refractive index values are considerably higher than 

that of α-Al 2O3 (n = 1.768 at λ = 600 nm [68, 69]) and only slightly lower than that of 

crystalline t-ZrO2 (n = 2.192 at λ = 632.8 nm [70]). 

4.6.3 Cross-sectional TEM specimen preparation 

A so-called ‘Tripod polishing method’ [71] was used to prepare cross-sectional TEM 

specimens. To this end, two pieces cut of the same specimen were glued together face-

to-face (i.e. coating-side to coating-side). The thus-obtained sandwich was again cut 

into smaller pieces (2.5×1 mm2). Next one side of a sandwich was plane-polished 

perpendicular to the glue plane (i.e. polish plane/plate perpendicular to the original film 

surface) until the specimen reached a thickness of 250 µm. The polishing was carried 

out with different grain-sized diamond lapping films, starting with 15 µm and ending 

with 0.5 µm grain size. Then the last polishing step was done with a soft felt pad wet by 

a colloidal silica suspension with a nominal grain size of 0.05 µm. Next the opposite 

(i.e. remaining non-polished) side of the specimen was polished with a slight tilting 

angle of 0.3° until interference fringes at the thinnest side of the now wedge-shaped 

specimen appeared (i.e. with a thickness below 10 µm). Finally ion-milling was 

performed using an Ar-ion polishing system (PIPSTM 691, Gatan) at 3 kV (13 mA) 

with an incident beam angle of 9°, until a hole was formed. At the edges of the ion-

milled hole, electron transparent areas for cross-sectional 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 metallic Al and Zr were straightforwardly 

determined for each measurement from the resolved peak-to-peak intensities recorded 

from the bulk am-Al0.44Zr0.56 alloy (i.e. using the recorded spectra at the end of each 

sputter-depth profile) and the known bulk composition. Relative sensitivity factors for 

oxidic Al, oxidic Zr and O were determined from the resolved peak-to-peak intensity 

ratios, as recorded under identical conditions from thermally-grown oxide scales on 

pure Al and Zr metal specimens (oxidation conditions: Tox=500 °C, pO2=1×105 Pa, 

tox=300 minutes; see Sec. 4.2.2), assuming stoichiometric compositions for the grown 

Al 2O3 and ZrO2 layers. The relative O sensitivity factor was obtained as an average of 

the independently-determined relative sensitivity factors of O in Al2O3 and ZrO2. This 

resulted in the following relative sensitivity factors S, with respect to pure Al (i.e. 

SAl=1): SZr=0.73, SZr
4+=0.56, SAl

3+=0.67, SO=1.16.  
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Chapter 5 

5 The effect of pre-oxidation treatment on the corrosion 

behavior of amorphous Al1-xZrx solid-solution alloys 

 

Katharina Weller, T. Suter, Zumin Wang, Lars P. H. Jeurgens, Eric J. Mittemeijer 

 

Abstract 

The corrosion behavior of both as-deposited and pre-oxidized amorphous Al1-xZrx solid-

solution alloys (x = 0.25, 0.32, 0.49, 0.65, 0.74) in 1 M HCl was investigated by the 

micro-electrochemical technique. The highly uniform microstructure of the sputter-

deposited alloys is evidenced by the extreme reproducibility of consecutively measured 

potentiodynamic polarization curves on different surface areas (300 µm in diameter) of 

the same specimen. It was found that the native oxide layer on the as-deposited Al-rich 

Al 1-xZrx alloys (x < 0.49) is much less stable upon anodization in 1 M HCl, which 

rapidly results in a total break-down of the protective character of the native Al-rich 

oxide layer. For higher Zr alloying contents, x ≥ 0.49, the as-deposited alloys exhibit 

passive corrosion behavior due to the formation of a protective Zr-rich passive film on 

the Zr-rich alloy surface. The Al/Zr ratio in the resulting passive film is comparable to 

the Al/Zr ratio of the parent alloy. The pre-oxidized am-Al1-xZrx alloys all exhibited 

superior corrosion behavior as compared to their as-deposited pendants (without any 

sign of the onset of pitting corrosion), attaining passive current densities as low as 

3.5×10-2 µA/cm2 at 1000 mV. The superior corrosion resistance of the pre-oxidized 

alloys is attributed to a combination of characteristics of the thermally-grown 

amorphous (Al0.33Zr0.67)O1.83 overlayer: (i) a relatively high Zr fraction, (ii) a 

structurally and chemically uniform microstructure, (iii) a stable, minimal residual 

growth defect structure (in the surface region) established by a sufficiently large time of 

oxidation. 

 



Chapter 5 

112 

5.1 Introduction 

Amorphous solid-solution alloys, which are constituted of a lower-melting-point metal 

M (e.g. Mg, Al, Cu, Ni) and a refractory metal R (e.g. W, Ta, Mo, Nb, Cr, Zr), further 

designated as am-M1-xRx alloys, are known to provide unique material properties, such 

as superior corrosion resistance, high elastic strain limit, high strength and 

biocompatibility [1-3]. Generally, am-M1-xRx solid-solution alloys cannot be prepared 

by conventional casting methods, because the melting point of the refractory metal by 

far exceeds the boiling point of the low-melting-point metal constituent and also the 

mutual solubility of M and R in the M1-xRx liquid phase may be limited. Non-

equilibrium processing routes, like mechanical alloying [4-6], ion beam mixing [7] and 

magnetron sputtering [8-10], are typically used to produce homogenous am-M1-xRx 

solid-solution alloys, which are single-phase and fully amorphous over a relative large 

compositional range. 

Al is a light metal and therefore Al-based alloys find manifold applications in 

technological areas where weight reduction is a major concern, such as in automotive 

and aerospace industries. Al metal provides good corrosion resistance in neutral 

environments, but actively dissolves in acidic and basic solutions and also is very 

susceptible to pitting corrosion in chloride-containing solutions [11, 12]. It has long 

been recognized that dissolution of a refractory metal like W, Ta, Mo, Nb, Cr or Zr in 

pure, crystalline Al (or Cu) drastically enhances its corrosion resistance, even in 1 M 

HCl solution (as typically used to evaluate the resistance of passivating metals and 

alloys to pitting corrosion) [3, 13, 14]. To realize high degrees of supersaturation, well 

beyond the solubility limit for crystalline Al, a homogenous amorphous solid-solution 

phase (instead of the (super)saturated crystalline fcc Al phase) can be applied which can 

be obtained by sputtering. For example, sputter-deposited Al1-xZrx alloys are amorphous 

over a relatively wide compositional range of 0.17 < x < 0.74 [8, 15]. A high refractory-

metal content in the am-M1-xRx alloy, which is chemically interacting with the metal 

constituent in its first coordination shell [8], may block the active dissolution of the 

metal constituent from the am-M1-xRx alloy and, at the same time, promote the 

formation of a structurally and compositionally uniform, passivating amorphous 

(oxyhydr-)oxide film in corrosive environments (see below and Refs. [13, 16-20]). 

Notably, corresponding crystalline M1-xRx alloy modifications contain grain boundaries, 

dislocations and (possibly) phase boundaries, which can act as initiation sites for pitting 



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

113 

corrosion [13, 15]. Hence, from a scientific point of view, am-M1-xRx alloys offer a 

unique possibility to investigate (and to utilize) the sole effects of the alloy composition 

and the passive-film microstructure on the corrosion behavior [15]. 

The present study addresses the local corrosion behavior of both as-deposited and 

pre-oxidized amorphous Al1-xZrx solid-solution alloys of various compositions (x = 0.25, 

0.32, 0.49, 0.65, 0.74; as prepared by magnetron sputtering) in 1 M HCl solution (pH = 

0) by application of the electrochemical microcapillary technique [21-23]. The 

microcapillary method enables local measurements of (electrochemical) corrosion 

currents on a selected, very small area of the surface of the specimen (in this study: 300 

µm in diameter) at an extraordinarily high current resolution in the fA range [21-23]. 

This is not possible for conventional electrochemical scanning techniques, where a 

much larger area of the specimen surface is immersed in the electrolyte (immersed area 

in the range of mm2-cm2). The electrochemical microcapillary technique thus allows 

assessment of the intrinsic corrosion behavior of passivating metal and alloy surfaces, 

which is not possible with large-scale electrochemical scanning methods for which, 

consequently, the measured corrosion behavior is generally affected by scratches, 

contaminations, local defects and other heterogeneities within the immersed area of the 

surface of the specimen. 

Notably, Al has a considerably higher affinity for O (i.e. it has a much lower 

electronegativity) than e.g. Cu and Ni. Hence, whereas passive (oxyhydr-)oxide films 

(further denoted as passive films) on e.g. Cu1-xZrx and Ni1-xZrx alloys are mainly 

composed of Zr-(hydr-)oxide (thus resembling the good corrosion behavior of the Zr 

metal), passive films on Al1-xZrx alloys contain both Al and Zr cations [14, 15, 24, 25]. 

As already mentioned above, Al possesses poor corrosion resistance in chloride-

containing solutions and superior corrosion resistance of the passivated Al1-xZrx alloy 

surface in 1 M HCl can only be provided when Al and Zr cations are homogenously 

distributed in the passive film (and thus no local Al enrichment occurs). According to 

the so-called graph theory [17, 18], under the above constraint of a homogenous film, a 

minimum (critical) Zr-cation fraction, fghihjk, is required: fghihjk � lghmn 
lo^mn + lghmn
⁄  ≥ 

0.16 (where lo^mn and lghmn denote the molar fractions of Al and Zr in the passive film) 

in order to establish an interconnected network of -Zr-O(H)-Zr- bonding bridges, which 

are assumed to provide passivity of the Al1-xZrx alloy surface due to their enhanced 

chemical stability in acidic environments (as compared to –Al-O(H)-Al bonding 



Chapter 5 

114 

bridges) [26]. In practice, even for fghihjk ≥ 0.16, local Al-enrichments in the passive film 

(i.e. by local phase separation) may exist and initiate pitting corrosion (since Al-oxide 

and Al-hydroxide phases are easily dissolvable at low pH) [9]. 

A recent study by our group on the thermal oxidation of the am-Al1-xZrx alloys has 

reported the thermodynamically-preferred formation of an amorphous ternary oxide 

phase with a singular homogenous composition of (Al0.33Zr0.67)O1.83, which is stable up 

to 500 °C [25]. Strikingly, the amorphous state and the composition of the thermally-

grown (Al0.33Zr0.67)O1.83 solid-solution oxide phase are constant over a broad 

compositional range of the am-Al1-xZrx alloy (0.32 ≤ x ≤ 0.74) [25]. This thermally-

stable, highly uniform amorphous (Al0.33Zr0.67)O1.83 overlayer could thus provide 

excellent corrosion resistance to the parent am-Al1-xZrx alloy substrate over this wide 

composition range (i.e. 0.32 ≤ x ≤ 0.74). Therefore, in the present study, the corrosion 

behaviors of as-deposited and pre-oxidized am-Al1-xZrx alloys in 1 M HCl solution are 

investigated and compared as function of the composition parameter x. To the best of 

our knowledge, up to date, only few studies on the corrosion behavior of am-Al1-xZrx 

alloys (in chloride-containing solutions) have been reported, which show that the 

corrosion resistance increases with increasing Zr content in both the alloy and in the 

passive (Al,Zr)-oxyhydroxide film [3, 9, 14, 15]. However, in these previous studies, 

the effect of a controlled pre-oxidation treatment on the intrinsic corrosion behavior was 

not addressed. Moreover, all am-Al1-xZrx alloys studied until now exhibit pitting 

corrosion at high anodization potentials [14, 15] (which is not the case for am-Al1-xZrx 

alloys in the present study; see Sec. 5.3), indicating that the measurements reported in 

the literature were affected by compositional and/or structural inhomogeneities, 

scratches, contamination and/or other local defects in the as-deposited alloy and/or its 

passive oxide film. 

5.2 Experimental procedures and data evaluation 

5.2.1 Specimen preparation and oxidation 

Amorphous Al1-xZrx (am-Al1-xZrx) alloys in the form of 2 µm thick coatings were 

deposited by magnetron co-sputtering from pure elemental targets (Al: 99.9995 wt.%, 

Zr: 98.5 wt.%) on Si(100) wafers, which were pre-coated with an am-SiO2 layer and an 

am-Si3N4 top layer, each 50 nm thick. Sputter deposition was performed in an ultrahigh-

vacuum (UHV) sputter chamber by applying a constant power of 100 W to the Zr target 
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and different constant powers to the Al target (PAl = 20, 28, 53, 101, 147 W), resulting 

in the following alloy compositions: am-Al0.26Zr0.74, am-Al0.35Zr0.65, am-Al0.51Zr0.49, am-

Al 0.68Zr0.32, am-Al0.75Zr0.25 (as analyzed by inductively coupled plasma optical emission 

spectroscopy (ICP-OES)). Pure Zr and Al metal layers were deposited at target powers 

of 150 W and 200 W, respectively. Prior to deposition, the wafer surfaces were sputter-

cleaned in-situ for 1 min by exposure to a low-energetic Ar+ plasma. During deposition, 

specimen rotation was applied at a rotation speed of a few tens of cycles per minute. For 

a detailed description of the deposition process, see Ref. [25]. 

Pre-oxidation of the as-deposited am-Al1-xZrx (x = 0.25, 0.32, 0.49, 0.65, 0.74) 

alloys at a selected oxidation temperature, Tox, in the range of 350 °C ≤ Tox ≤ 400 °C 

was performed by enclosing specimen pieces (~ 7×14 mm2) in a quartz ampoule (filled 

with pure oxygen at an oxygen pressure equivalent to pO2 = 1×105 Pa at Tox) and 

subsequently introducing them into a preheated sandbath (TECHNE FB-08c). A 

detailed description of the oxidation procedure is given in Ref. [25]. 

5.2.2 Microstructural analysis 

X-ray diffraction (XRD) analysis was applied to determine the phase constitution of the 

as-deposited and pre-oxidized am-Al1-xZrx specimens. To this end, θ-2θ scans were 

recorded over a 2θ-range of 10° to 65° in parallel-beam geometry on a Bruker D8 

Discover diffractometer equipped with a Cu X-ray anode (40 kV/30 mA; Cu-Kα 

radiation, λ = 1.54056 Å) with an X-ray lens in the primary beam path and a parallel-

plate collimator and an energy-dispersive detector in the diffracted beam path [25, 27]. 

The chemical constitutions of the passive oxide layers formed on the as-deposited 

and pre-oxidized am-Al1-xZrx alloys in the ambient (i.e. the native oxide) and of those 

formed after anodization in 1 M HCl (see Sec. 5.2.3) were investigated by X-ray 

photoelectron spectroscopy (XPS) utilizing a Thermo VG Thetaprobe system (base 

pressure < 2·10-8 Pa) applying monochromatic Al Kα radiation (hν = 1486.68 eV, 

analysis area ∼400 µm in diameter). To this end, the core-level spectra of the Al 2p 

(binding energy (BE) range: 67 - 83 eV), Zr 3d (BE range: 173 - 190 eV) and O 1s (BE 

range: 526 - 539 eV) photoelectron lines were recorded with a step size of 0.1 eV at a 

constant pass energy of 50 eV. The measured core-level spectra were first corrected for 

the analyzer transmission function after which a Shirley-type background was 

subtracted to correct for the background of inelastically scattered electrons. Next the 
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(oxidic and hydroxidic1) O 1s and the (metallic and oxidic) Al 2p and Zr 3d chemical 

states were resolved by linear-least-squares peak fitting of the thus corrected spectra 

using the Thermo Scientific™ Avantage™ software. Quantification of the resolved 

peak-area intensities was performed using the same software (adopting the sensitivity 

factors supplied by the manufacturer).  

The microstructure of the oxide layer formed on the pre-oxidized am-Al1-xZrx 

alloys, as well as the corresponding oxidation-induced compositional change in the 

parent alloy, were investigated by a combinatorial experimental approach, applying 

XPS (see above), Auger electron spectroscopy (AES), high-resolution transmission 

electron microscopy (HR-TEM) and spectroscopic ellipsometry: for details of the data 

acquisition and quantification procedures, the reader is referred to Refs. [24, 25, 29]. (In 

addition to the XPS analysis (see above) correspondingly detailed microstructural 

analysis of the native oxide layer on am-Al1-xZrx alloys has not been performed). In 

brief, composition-depth profiles of the oxide layer formed on the pre-oxidized am-Al1-

xZrx alloys were recorded by Auger electron spectroscopy (AES) sputter-depth profiling 

using a JEOL JAMP 7830F Scanning Auger Microscope [25]. The microstructure, 

morphology and chemical composition of the pre-oxidized am-Al1-xZrx alloys were 

studied by cross-sectional transmission electron microscopy (TEM) analysis using a 

JEOL JEM-ARM200F scanning transmission electron microscope operating at 200 kV: 

see Ref. [24]. The thicknesses of the oxide layers grown by thermal oxidization on the 

am-Al1-xZrx coatings were determined by spectroscopic ellipsometry (SE) using a J. A. 

Woollam M-2000 spectroscopic ellipsometer [29].  

5.2.3 Microscale electrochemical measurements 

Microelectrochemical measurements were carried out on as-deposited and oxidized am-

Al 1-xZrx alloys using the electrochemical microcapillary technique [21-23, 30]. A 

schematic drawing of the experimental setup and microcell used in the experiments is 

shown in Figure 5.1. The microcell consists of a tapered glass capillary (with a diameter 

of 300 µm at the very tip), which is filled with the electrolyte (1 M HCl, pH = 0). The 

glass capillary has a silicon seal at the periphery of the very tip to hinder leaking out of 

electrolyte solution upon contacting the specimen surface. The microcell connects the 

                                                 
1 By XPS it is possible to distinguish between O1s oxide and hydroxide signals [28]. The formation of a 
surficial hydroxide layer/phase (see Figure 5.3) on am-Al1-xZrx (before the anodization in 1 M HCl) is 
very likely due to storage at ambient conditions. 
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working electrode (i.e. the am-Al1-xZrx specimen) and the Pt counter electrode. All 

potentials are determined with respect to a saturated calomel electrode (SCE), which is 

connected to the microcell via an electrolytic bridge. For each measurement, first the 

microcell was carefully positioned on the specimen surface (selecting an optically 

perfect area using an optical microscope), after which the open circuit potential2 (OCP) 

was recorded for 5 minutes. Next potentiodynamic polarization curves (i.e. the current 

density as a function of the applied potential) were recorded at a scan rate of 1 mVs-1 

starting from a potential -250 mV below the recorded OCP. To examine the possible 

influence of surface heterogeneities on the (intrinsic) corrosion behavior and also to test 

the measurement reproducibility, a minimum of three different locations were measured 

on each specimen surface.  

 

Figure 5.1: Schematic drawing of the experimental setup of the micro-electrochemical capillary 

technique (R: reference electrode, W: working electrode, C: counter electrode) (redrawn from 

[22]).  

                                                 
2 The open circuit potential (OCP) is the potential of the working electrode (i.e. the specimen in contact 
with the electrolyte) relative to that of the reference 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-Al1-xZrx alloys 

A detailed experimental study of the atomic and electronic structure of the sputter-

deposited am-Al1-xZrx alloys has been reported recently, showing that the am-Al1-xZrx 

alloys are XRD and TEM amorphous over the studied compositional range from 0.25 ≤ 

x ≤ 0.74: see Ref. [8] and the diffractograms in Figure 5.2. The chemical composition of 

the native (air-formed) oxide layer on the am-Al1-xZrx alloys (prior to exposure to the 

electrolyte solution) has been studied by XPS (see Sec. 5.2.2). Exemplary 

reconstructions of the recorded Zr 3d, Al 2p and O1s core-level spectra of the as-

deposited am-Al0.51Zr0.49 alloy are shown in Figure 5.3a, b and c, respectively. The XPS 

determined Alox/Zrox cationic ratios in the native oxide layer for the various (ICP-OES 

determined) alloy compositions are shown in Figure 5.4.  

 

 

Figure 5.2: X-ray diffraction patterns (Cu-Kα radiation) of the as-deposited Al1-xZrx alloys (x = 

0.25, 0.32, 0.49, 0.65, 0.74) (adapted from [25] and extended). 
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Figure 5.3: Reconstructions of the (a) Zr 3d, (b) Al 2p and (c) O 1s spectra, as recorded from 

the as-deposited am-Al0.51Zr0.49 alloy (as covered with a native oxide layer) by XPS. 

 

Figure 5.4: The metallic Al/Zr ratio in the am-Al1-xZrx alloy substrate (Almet/Zrmet) as 

determined by ICP-OES measurements and the oxidic Al/Zr ratio in the native oxide layer as 

determined by XPS measurements, both as function of the atomic percentage of Zr in the 

substrate as determined by ICPS-OES. 

It follows that the Alox/Zrox ratio in the native oxide film overall decreases with 

increasing Zr content in the am-Al1-xZrx alloy. For the Zr-rich am-Al1-xZrx alloys, the 

Al ox/Zrox ratio of the native oxide layer is practically equal to the Al/Zr ratio of the bulk 

alloy, whereas for Al-rich am-Al1-xZrx alloys (x ≤ 0.49) the native oxide film is enriched 

in Al as compared to the bulk alloy. This enrichment of Al in the native oxide film (as 

compared to the parent alloy) is attributed to the preferential oxidation of Al during the 

very fast (almost instantaneous) passivation of the Al-rich am-Al1-xZrx surfaces after 

their removal from the high-vacuum sputter chamber and exposure to air.  
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5.3.1.2 Pre-oxidized am-Al1-xZrx alloys 

As discussed in Ref. [25], thermal oxidation of the am-Al1-xZrx alloys, for various alloy 

compositions (0.32 ≤ x ≤ 0.74) and oxidation temperatures in the range of 350 ≤ Tox ≤ 

500 °C, results in the formation of an oxide layer of uniform thickness, which is 

composed of an amorphous oxide solid-solution phase with a singular composition of 

(Al 0.33Zr0.67)O1.83, further denoted as am-(Al0.33Zr0.67)O1.83 overlayer. The amorphous 

state, the homogenous composition and the uniform thickness of the am-

(Al 0.33Zr0.67)O1.83 overlayer is evidenced by cross-sectional TEM analysis of the pre-

oxidized am-Al0.51Zr0.49 alloy (after 10 hrs of pre-oxidation at 350 °C): see Figure 5.5. 

EELS elemental mapping of the TEM cross-section reveals a highly uniform 

distribution of Al, Zr and O in the am-(Al0.33Zr0.67)O1.83 overlayer: see Figure 5.5c, d 

and e. No phase separation in the oxide overlayer nor a devitrification of the parent 

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

 

Figure 5.5: (a) Cross-sectional bright-field TEM image of am-Al0.51Zr0.49 oxidized at 400 °C for 

10 h and (b) the corresponding selected area diffraction pattern (SADP), comprising both the 

amorphous alloy and the amorphous oxide phase (aperture diameter: ~ 130 nm). EELS 

elemental maps of (c) Al, (d) Zr, (e) O and (f) their combined image (O + Al + Zr) pertaining to 

the TEM cross-section of (a) (adapted from [25] and extended). 

Composition-depth profiles of the pre-oxidized am-Al0.35Zr0.65, am-Al0.51Zr0.49 and 

am-Al0.68Zr0.32 alloys (as measured by AES) confirm the highly uniform distribution of 

Al, Zr and O also as a function of depth in the am-(Al 0.33Zr0.67)O1.83 overlayers, as 

grown on the Zr-rich am-Al1-xZrx alloys: see Figure 5.6a (for x = 0.65) and Figure 5.6b 

(for x = 0.49). The am-(Al0.33Zr0.67)O1.83 overlayer on the Al-rich am-Al0.68Zr0.32 alloy 

exhibits an Al-enrichment at its outer surface (as compared to the Alox/Zrox cation ratio 
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of 0.5 for the (Al0.33Zr0.67)O1.83 phase): see Figure 5.6c (for x = 0.32) and Ref. [25]. Such 

Al-enrichment at the oxidized alloy surface could affect the passivating corrosion 

behavior; see further Sec. 5.3.2.3. 

 

 

Figure 5.6: Composition-depth profiles of the (a) am-Al0.35Zr0.65, (b) am-Al0.51Zr0.49 and (c) am-

Al 0.68Zr0.32 alloys, all oxidized at 400 °C for 10 h, as recorded by AES sputter-depth profiling 

(adapted from [25] and extended). 

5.3.2 Corrosion behavior of the am-Al1-xZrx alloys 

5.3.2.1 Corrosion measurement characteristics and reproducibility 

The micro-electrochemical technique enables potentiodynamic measurements of the 

kinetics of localized corrosion since only a small area of the specimen surface (here: 

300 µm in diameter; see Sec. 5.2.3) is exposed to the electrolyte. The superior corrosion 

behavior of am-M1-xRx solid-solution alloys is generally attributed to the absence of 

surface heterogeneities, since the am-M1-xRx alloys and their passive films are supposed 

to be structurally and compositionally uniform. This implies that a series of 

potentiodynamic polarization curves, which are successively measured, by the micro-

electrochemical technique, at different, small areas on the as-deposited or pre-oxidized 

am-Al1-xZrx alloy surface, should show similar (intrinsic) corrosion behaviors. 

Exemplary potentiodynamic polarization curves, as recorded at different surface areas 

on an as-deposited am-Al0.68Zr0.32 alloy and on a (at 350 °C for 10 h) pre-oxidized am-

Al 0.51Zr0.49 alloy, are presented in Figure 5.7a and b, respectively. Indeed, except for 
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usual variation in the open circuit potential (OCP),3 the measured potentiodynamic 

polarization curves are almost identical for a given alloy composition and surface 

condition, irrespective of the chosen measurement area on the specimen surface. 

Evidently, by comparing Figure 5.7a and Figure 5.7b, the as-deposited am-

Al 0.68Zr0.32 alloy is less corrosion resistant (i.e. it exhibits a much higher current density 

in the passive regime) than the pre-oxidized am-Al0.51Zr0.49 alloy (for detailed 

discussion, see Sec. 5.3.2.3).  

Since, for a given alloy composition and surface condition, the potentiodynamic 

measurements by the micro-capillary technique were always highly reproducible, only 

representative (instead of all repetitive) measurements for each alloy composition and 

surface condition will be displayed in the following sections. 

 

 

Figure 5.7: Potentiodynamic polarization curves of (a) the as-deposited am-Al0.68Zr0.32 alloy 

and (b) the oxidized am-Al0.51Zr0.49 alloy (oxidized for 10 h at 350 °C), as measured by the 

micro-capillary technique (in a 1 M HCl electrolyte solution). 

 

                                                 
3 In particular for passive metals and alloys, the open circuit potential is variable, because of the 
extremely low anodic reaction rates, which makes the open circuit potential very susceptible to tiny 
variations in the cathodic reactivity by e.g. local concentration gradients of e.g. dissolved oxygen and 
chloride ions in the electrolyte solution, surface contamination, temperature variation, etc [31]. As 
observed in Figure 5.7, such shifts of the open circuit potential are not accompanied with change of the 
overall shape of the potentiodynamic polarization curves. 
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5.3.2.2 Corrosion behavior of the as-deposited am-Al1-xZrx alloy  

The corrosion behavior of as-deposited am-Al1-xZrx alloys (i.e. with an air-formed 

native oxide film on its surface, further denoted as native oxide film) as function of the 

alloy composition (i.e. x = 0.26, 0.35, 0.51, 0.68, 0.75) was investigated by the micro-

electrochemical technique (see Sec. 5.2.3). As examples the potentiodynamic 

polarization curves recorded from the as-deposited am-Al1-xZrx (x = 0.74, 0.49, 0.25) 

alloys in 1 M HCl (pH = 0) are shown in Figure 5.8a. The potentiodynamic polarization 

curves of the sputter-deposited (pure, polycrystalline) Al and Zr references have also 

been plotted in this figure for comparison. 

The potentiodynamic polarization curves, as recorded for all investigated alloys, 

all exhibit an increase of the current density (directly above OCP) with increasing 

potential upon anodization in 1 M HCl (pH = 0). Al oxide is only stable in the pH range 

from 4 to 9 and dissolves easily in hydrochlorid acid with pH = 0 [32-35]. 

Consequently, a break-down of the native Al oxide layer on pure, crystalline Al in 1 M 

HCl (at pH = 0) is expected. Indeed, the sputter-deposited pure, crystalline Al layer 

(covered with a native amorphous Al oxide layer with a thickness of few nm; cf. Ref. 

[36]) exhibits an initial, fast increase of the current density (> OCP), rapidly followed 

by a total break-down (i.e. steep rise of the current density out of the measurement 

scale4) of the protective character of the native Al-oxide layer. A passive corrosion 

behavior, as characterized by small to very small current densities (below 100 µA/cm2) 

in the anodic region at, say, 200 mV above the OCP, sets in with increasing Zr alloying 

content of the am-Al1-xZrx alloys and is most pronounced for pure crystalline Zr (see 

Figure 5.8a). 

The enhancement of the corrosion resistance of the am-Al1-xZrx alloy with 

increasing Zr alloying content has been illustrated by plotting the measured current 

density at an applied potential of +200 mV above the OCP as function of the Zr alloying 

content in Figure 5.8b. A distinct decrease of the anodic current density with increasing 

alloying Zr content, which is concomitant with an increasing Zr content in the native 

oxide layer (see Sec. 5.3.1.1 and Figure 5.4), is observed: from 1.5×102 µA/cm2 for pure 

crystalline Al to 9.1×10-1 µA/cm2 for am-Al0.51Zr0.49 (and to 2.7×10-2 µA/cm2 for pure 

crystalline Zr). It is concluded that the formation of a protective passive film on the am-

                                                 
4 In the applied measurement setup, the upper limit of the current density was set to 102 µA/cm2. In 
reality, even higher current densities are expected for Al metal in 1 M HCl solution. 
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Al 1-xZrx alloy surfaces in 1 M HCl requires a minimum (critical) Zr alloying content of x 

≥ 0.49 (based on a criteria of a passive current density < 100 µA/cm2 in the anodic 

region 200 mV above the OCP; see Figure 5.8b).  

For the am-Al1-xZrx alloys with x ≥ 0.49, the respective passive current density at 

an applied potential of about 500 mV (vs. SCE) attains a somewhat higher, but nearly 

constant, current density of about 2×101 µA/cm2, independent of the alloy composition. 

The value of this constant passive current density is similar to that of stainless steel [22] 

and also comparable to the measured current density of the sputter-deposited Zr metal at 

a potential of 1000 mV: see Figure 5.8a. 

 

 

Figure 5.8: (a) Potentiodynamic polarization curves of the sputter-deposited pure, crystalline 

Al, the am-Al1-xZrx alloys (x = 0.25, 0.49, 0.74) and the sputter-deposited pure, crystalline Zr 

layer, as measured by the micro-electrochemical technique (in a 1 M HCl electrolyte solution). 

(b) The measured current density (mean value as calculated from all recorded potentiodynamic 

polarization curves) of the am-Al1-xZrx alloys at +200 mV above the open circuit potential 

(OCP) as function of the Zr content. 

The improved corrosion resistance of the am-Al1-xZrx alloys with increasing Zr 

content in the parent alloy and its native oxide film suggests the formation of a, with 

increasing Zr alloying content, more and more ‘passive’ amorphous (Al,Zr)-(oxyhydr-

)oxide film by anodization in 1 M HCl. The native oxide layers on the am-Al1-xZrx 

alloys contain an increasing amount of Zr cations with increasing Zr alloying content 

(see Section 5.3.1.1 and Figure 5.4). It is therefore very likely that the composition of 

the ‘passive’ amorphous (Al,Zr)-(oxyhydr-)oxide films formed upon anodization in 1 M 

HCl also exhibit a Zr content increasing with increasing Zr content of the substrate. 



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

125 

Indeed, as indicated by XPS analysis in this study, the Alox/Zrox ratio in the passive 

(Zr,Al)-(oxyhydr-)oxide layer formed on the as-deposited Zr-rich am-Al1-xZrx alloys 

during anodization in 1 M HCl is similar to the Al/Zr ratio of the respective parent alloy 

substrate (in accordance with Ref. [14]). For example, for the as-deposited am-

Al 0.51Zr0.49 alloy, the native oxide film has an overall Alox/Zrox ratio of 1.34 (Figure 5.4), 

which decreased to an Alox/Zrox ratio of 0.97 after anodization to 500 mV (i.e. for the 

as-deposited am-Al0.51Zr0.49 alloy, the Zr content in the passive film formed by 

anodization is even increased with respect to its native oxide film). 

Improved corrosion resistance of am-Al1-xZrx alloys with increasing Zr content in 

both the alloy and its passive film (as formed by anodization) is in accordance with Ref. 

[14], where macro-electrochemical measurements of sputter-deposited Al-Zr alloys, 

pure, crystalline Al and pure, crystalline Zr in 1 M HCl showed a decrease of the 

passive current density with increasing Zr alloying content [14]. Additionally, very 

likely due to the macro-electrochemical measurement set-up, the occurrence of pitting 

corrosion above a certain critical pitting potential was observed for the sputter-deposited 

Al-Zr alloys and pure, crystalline Al and Zr after exceeding a critical potential [14]. 

This finding strongly contrasts with the results of the present corrosion study of sputter-

deposited am-Al1-xZrx alloys by the micro-electrochemical technique which only reveals 

systematic pitting corrosion for the Al-richest am-Al 1-xZrx alloy (x = 0.26). Supposing 

that the matrix oxide films in the previous study [14] were of the same quality 

(homogeneity) as in the present work, it can be concluded that macro-scale 

electrochemical measurements as performed in Ref. [14] are indeed (cf. Section 5.1) 

much more susceptible to microstructural heterogeneities at the specimen surface, such 

as scratches and surface contamination, which can be avoided by the selection of 

appropriate locations on the surface upon applying the micro-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 the composition of the thermally-grown oxide layer (without the 

influence of a possibly interfering oxide-layer thickness effect), the pre-oxidation 

conditions for the am-Al1-xZrx alloys were chosen such that comparable oxide-layer 

thicknesses are obtained for the different alloy compositions: e.g. 16.0 nm for the pre-

oxidized am-Al0.68Zr0.32 alloy (oxidized at 400 °C for 10 h), 19.3 nm for pre-oxidized 

am-Al0.51Zr0.49 alloy (oxidized at 400 °C for 53 minutes) and 17.2 nm for the pre-
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oxidized am-Al0.35Zr0.65 alloy (oxidized at 400 °C for 32 minutes). Potentiodynamic 

polarization curves of such pre-oxidized am-Al1-xZrx alloys are presented in Figure 5.9. 

The pre-oxidized am-Al1-xZrx alloys show superior corrosion behavior as compared to 

the as-deposited am-Al1-xZrx alloys (compare Figure 5.8a and Figure 5.9). The passive 

current density on the pre-oxidized am-Al1-xZrx alloys is of the order 10-1 µA/cm2 or 

below upon anodization up to 1000 mV. This is significantly lower than the already 

very low passive current density of the order 101 µA/cm2 (at 500 mV vs. SCE) attained 

for the as-deposited Zr-rich am-Al1-xZrx alloys (see Figure 5.8a and Sec. 5.3.2.1).  

 

 

Figure 5.9: Potentiodynamic polarization curves of the pre-oxidized am-Al0.35Zr0.65 (pre-

oxidized at 400 °C for 32 minutes, oxide layer thickness 17.2 nm), am-Al0.51Zr0.49 (pre-oxidized 

at 400 °C for 53 minutes, oxide layer thickness 19.3 nm) and am-Al0.68Zr0.32 (pre-oxidized at 

400 °C for 10 h, oxide layer thickness 16.0 nm) alloys.  

The potentiodynamic polarization curve of the Al-rich am-Al0.68Zr0.32 alloy 

reveals a higher passive current density (2×10-1 µA/cm2 at 1000 mV vs. SCE) by 

anodization than the pre-oxidized am-Al0.51Zr0.49 and am-Al0.35Zr0.65 alloys (1.5×10-2 

µA/cm2 and 1.4×10-2 µA/cm2 (at 1000 mV vs. SCE), respectively). Since an effect of 

the oxide layer thickness on the passive current density can be neglected (see above), 

the observed difference in the passive current density is very likely due to different 

compositions in the surface regions of the thermally-grown amorphous oxide layers. 

The pre-oxidized am-Al0.51Zr0.49 and am-Al0.35Zr0.65 alloys show an Alox/Zrox ratio of 

about 0.8 and 0.6, respectively, in their surficial oxide layer (depth < 3 nm) with an 
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oxidic Al concentration of about 13-14 at.% (Figure 5.6a and b). In contrast, a twice as 

high concentration of oxidic Al of roughly 22 at.% with respect to the oxidic Zr content 

(Al ox/Zrox ratio ~ 2), has been detected in the surface region (depth < 3 nm) of the 

amorphous oxide layer on the pre-oxidized Al-rich am-Al0.68Zr0.32 alloy (Figure 5.6c). 

The observed ‘higher’ passive current density for the pre-oxidized am-Al0.68Zr0.32 alloy 

is thus attributed to the relatively high oxidic Al content (in the surface region) of the 

16-nm-thick thermally-grown oxide layer, in accordance with the observed dependence 

on Zr content of the corrosion behavior of the as-deposited am-Al1-xZrx alloys (see 

Section 5.3.2.2).  

The effect of the amorphous oxide-layer thickness has been investigated by 

varying the oxidation time. Potentiodynamic polarization curves were recorded on the 

am-Al0.51Zr0.49 alloy, as pre-oxidized at 350 °C for different oxidation times (60, 150, 

300, 450 and 600 minutes): see Figure 5.10a and b. The potentiodynamic polarization 

curve for the as-deposited am-Al0.51Zr0.49 alloy has been included in Figure 5.10a for 

comparison. The thickness of the am-(Al0.33Zr0.67)O1.83 overlayer (grown at 350 °C) and 

the corresponding passive current density, as observed at an applied potential in the 

range of 990 mV – 1000 mV, is shown as a function of the pre-oxidation time in Figure 

5.10b. This indicates a higher stability of the thicker (and possibly more uniform) 

amorphous oxide layers, formed by thermal oxidation on am-Al0.51Zr0.49. The measured 

passive current density for the as-deposited am-Al0.51Zr0.49 alloy, as initially covered 

with a thin native oxide layer, is about 2×101 µA/cm2, as taken from the plateau of the 

current density at about 500 mV (vs. SCE, see Figure 5.8b). Upon controlled formation 

of a 12.2 nm-thick amorphous oxide layer on the am-Al 0.51Zr0.49 alloy by pre-oxidation 

at 350 °C for 60 minutes, the passive current density decreases considerably to about 

3.5×10-2 µA/cm2 (at 1000 mV (vs. SCE)): see Figure 5.10b. With increasing oxidation 

time up to 150 minutes and accompanied growth of the oxide layer thickness, a further 

decrease in the current density, i.e. a better corrosion resistance, is detected. However, 

as observed in Figure 5.10b, the passive current density (at 1000 mV (vs. SCE)) does 

not decrease any further for oxidation times exceeding 150 minutes, although the oxide 

layer still thickens. This implies that, up to a thickness of about 15 nm, the amorphous 

oxide-layer thickness has a distinct (indirect; see below) influence on the corrosion 

behavior. 
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Figure 5.10: (a) Potentiodynamic polarization curves of pre-oxidized am-Al0.51Zr0.49 alloy 

surfaces, as prepared by pre-oxidation treatments at 350 °C for different times (i.e. 1 h, 5 h and 

10 h). The potentiodynamic polarization curve for the as-deposited am-Al0.51Zr0.49 is also shown 

for comparison. (b) The thickness of the thermally-grown am-(Al0.33Zr0.67)O1.83 overlayer 

(grown at 350 °C) and the (averaged) corresponding current density, beyond OCP in the passive 

region at an applied potential in the range of 990 mV – 1000 mV, as function of the pre-

oxidation time. 

Although the thermally-grown amorphous oxide on the am-Al1-xZrx alloy is 

already very homogenous ‘by definition’ (e.g. no grain boundaries, no dislocations and 

no second phases etc.), its corrosion resistance may be increased by removing residual 

growth defects (e.g. compositional fluctuations, O vacancy-like defects) in the 

thermally-grown oxide layer by tempering at elevated temperatures [37]. This effect 

may explain the decrease in the passive current density with increasing 

oxidation/tempering time up to 150 minutes (see Figure 5.10b). For oxidation/tempering 

times beyond 150 minutes at 350 °C a stable density of ‘defects’ in the (surface region 

of the) still growing amorphous oxide layer appears to have been attained.  

Finally, it is remarked that the application of supersaturated am-M1-xRx alloys and 

metallic glasses in corrosive environments is often obstructed by their limited thermal 

stability [38]; long-term operation at elevated temperatures may lead to partial 

devitrification (inducing local compositional fluctuations and nucleation of nano-

crystalline precipitates), thereby deteriorating their corrosion resistance. In this regard, it 

is emphasized that the thermal stability of the studied am-Al1-xZrx alloys (in air) is 

highest for am-Al0.51Zr0.49 (670 °C): e.g. the Al-rich am-Al1-xZrx alloys are stable up to 

300 °C (for x = 0.25) and the Zr-rich am-Al1-xZrx alloys preserve their amorphous state 
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up to 410 °C (for x = 0.74) [8]. The thermally-grown am-(Al0.33Zr0.67)O1.83 overlayers, 

on the other hand, are stable (in air) up to 500 °C [24], which could allow application of 

the pre-oxidized am-Al1-xZrx alloy coatings at temperatures up to 500 °C. 

5.4 Conclusions 

The local corrosion behavior of as-deposited and pre-oxidized am-Al1-xZrx solid-

solution alloys in a 1 M HCl electrolyte solution (pH = 0) was investigated by the 

electrochemical micro-capillary technique. A very high reproducibility of the 

potentiodynamic polarization measurements on the as-deposited and pre-oxidized am-

Al 1-xZrx alloy surfaces was observed (without any signs of the onset of pitting corrosion 

at high applied potential), indicating that the as-deposited and thermally-oxidized am-

Al 1-xZrx alloy substrates are structurally and compositionally highly uniform.  

For the as-deposited am-Al1-xZrx alloys (x = 0.25, 0.32, 0.49, 0.65, 0.74), as 

initially covered with a very thin native oxide film, the formation of a protective passive 

film in 1 M HCl requires a minimum (critical) Zr alloying content of x = 0.49 (based on 

the criterion of a passive current density < 100 µA/cm2 at an applied potential ~ 200 mV 

above OCP). For x < 0.49, anodization in 1 M HCl rapidly results in a total break-down 

of the protective character of the native Al-rich oxide layer. A passive corrosion 

behavior, as characterized by current densities below 100 µA/cm2 (at 200 mV above 

OCP), sets in with increasing Zr alloying content and is best for pure crystalline Zr. The 

passive film formed on the Zr-rich am-Al1-xZrx alloys have an Alox/Zrox ratio similar to 

that of the parent alloy substrate. For x ≥ 0.49, the passive current density attains a 

nearly constant value of 2×101 µA/cm2 at an applied potential of 500 mV, independent 

of the alloy composition, which is similar to that of stainless steel and sputter-deposited 

pure, crystalline Zr. 

The pre-oxidized am-Al1-xZrx alloys exhibit superior corrosion behavior in 1 M 

HCl as compared to the as-deposited (i.e. untreated) am-Al1-xZrx alloys. The pre-

oxidized am-Al1-xZrx alloys exhibit passive current densities as low as 3.5×10-2 µA/cm2 

upon anodization up to 1000 mV (without any signs of the onset of pitting corrosion). 

The passive current density becomes independent of the am-(Al0.33Zr0.67)O1.83 overlayer 

thickness for sufficiently long oxidation times of oxidation, which is ascribed to the 

establishment of a minimal residual growth defect structure in (the surface region of) 

the oxide film.  
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The chemical stability and excellent barrier properties of the thermally-grown am-

(Al 0.33Zr0.67)O1.83 overlayer are thus attributed to (i) a relatively high nominal Zr content 

in the surface region of the surficial oxide layer, (ii) chemical and structural 

homogeneity of the am-(Al0.33Zr0.67)O1.83 overlayer, as well as (iii) a stable, minimal 

residual growth defect structure (in the surface region) established by a sufficiently 

large time of oxidation (i.e. for times larger than 150 minutes at 350 °C). 
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Chapter 6 

6 Summary 

Many properties of a material are directly related to the surficial oxide film, which 

inevitably forms in contact with an oxidizing gaseous or liquid environment. Hence the 

material properties can be controlled by tailoring the oxidation conditions (temperature, 

time, oxygen pressure), which requires fundamental understanding of the oxidation 

process. The oxidation behavior, and specifically the microstructural evolution of the 

growing oxide film, can be influenced directly by alloying. However, crystalline 

metallic alloys usually can only form solid solutions in (sometimes very) narrow 

composition ranges and thus the possibilities to tailor the oxidation behavior and 

thereby the oxide properties by selective variation of only the alloy composition (i.e. 

without subsequent variation of the alloy microstructure) are generally severely limited 

for crystalline alloys. Amorphous alloys (or metallic glasses), on the other hand, can be 

prepared as (supersaturated) solid solutions over very wide composition ranges for 

many alloy systems. Until now, the oxidation behavior of amorphous metallic materials 

has received much less attention than the oxidation behavior of crystalline materials 

and, consequently, a thorough understanding of the oxidation mechanisms of 

amorphous alloys is lacking. 

The present thesis presents a comprehensive investigation of the thermal oxidation 

of amorphous AlxZr1-x (am-AlxZr1-x) alloys (0.26 ≤ x ≤ 0.68). The oxide composition 

and microstructure, as well as the oxidation kinetics and oxidation mechanism of am-

Al xZr1-x alloys upon thermal oxidation at relatively low oxidation temperatures of 350 – 

400 °C (see Chapter 2 and 3, respectively) and at high oxidation temperatures of 500 – 

560 °C (see Chapter 4) have been investigated. To this end, 2-µm thick am-AlxZr1-x 

coatings (0.26 ≤ x ≤ 0.68), as prepared by magnetron-cosputtering on 50 nm SiO2/50 nm 

Si3N4/Si wafers, were oxidized in a temperature range of T = 350 °C – 560 °C at pO2 = 

105 Pa for up to 10 h. The phase and microstructural development upon oxidation of 

am-AlxZr1-x alloys, as well as the oxidation-induced changes in the alloy substrate, were 

investigated by a combinatorial experimental approach using X-ray diffraction (XRD), 

cross-sectional (analytical) transmission electron microscopy (TEM), Auger electron 

spectroscopy (AES) sputter-depth profiling and spectroscopic ellipsometry (SE). 
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Finally, the corrosion behavior of as-deposited and oxidation-treated am-AlxZr1-x alloys 

have been investigated as function of the alloy composition and oxidation conditions 

(Chapter 5). 

An amorphous (Al,Zr)-oxide layer of homogenous composition and uniform 

thickness develops on the am-AlxZr1-x alloys during oxidation of am-AlxZr1-x alloys 

(0.26 ≤ x ≤ 0.68) at 350 °C – 400 °C (Chapter 2). The occurrence of an amorphous 

state (rather than a bulk-preferred crystalline state) could be attributed to the relatively 

high nucleation barriers for the crystalline oxide phases(s), as arising from interface 

energetics, kinetic obstructions of diffusional transport and structural rearrangements in 

the oxidizing alloy as required for the development of crystalline compounds (as ZrO2 

and Al2O3). Surprisingly, the grown amorphous (Al,Zr)-oxide layers have a single 

homogenous composition (Al0.33Zr0.67)O1.83, independent of the parent alloy 

composition and the applied oxidation temperature (see Figure 6.1a). The practically 

singular composition of the amorphous oxide phase, (Al 0.33Zr0.67)O1.83, can be explained 

on a fully thermodynamic basis: Conceiving the amorphous ternary oxide phase as a 

liquid oxide-oxide solution phase, which is supercooled to low (oxidation) 

temperatures, the equilibrium of the amorphous solid solution phase and the amorphous 

oxide phase is realized for a wide range of composition of the solid solution and 

amorphous oxide phase, (Al0.33Zr0.67)O1.83, with practically constant composition of the 

oxide phase as a consequence of the deep minimum of the Gibbs energy of formation 

for the am-(Al,Zr)-oxide phase, ∆Gam-(Al,Zr)-oxide, occurring at a composition of 

(AlO1.5)0.33(ZrO2)0.67. A three-dimensional representation of the Gibbs energy surfaces 

∆Gam-AlZr[O] and ∆Gam-(Al,Zr)-oxide, for the concurring amorphous Al-Zr alloy phase and 

amorphous oxide phase, respectively, has been constructed schematically; see Figure 

6.1b. Thus the role of thermodynamics in controlling the developing oxide phase 

composition, even for the growth of amorphous oxides occurring under conditions (far) 

away from genuine thermodynamic equilibrium for bulk phases has been evidenced. 
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Figure 6.1: a) The Alox/Zrox ratio in the grown amorphous oxide (unfilled circles) and the 

Al met/Zrmet ratio in the original am-AlxZr1-x substrate (crosses) upon thermal oxidation of am-

Al xZr1-x alloys of different (initial) compositions at the temperatures indicated. b) Schematic 

ternary phase diagram of Al, Zr and O pertaining to a temperature in the range of 350 °C – 

400 °C. 

The oxidation kinetics of the am-AlxZr1-x alloys (0.26 ≤ x ≤ 0.68) (Chapter 3), as 

determined by SE, were found to accelerate pronouncedly with increasing Zr content in 

the am-AlxZr1-x alloy, which is due to (i) the increase of the solubility of O in the alloy 

with increasing Zr content and (ii) the increase of the mobility of Al in the (O-dissolved 

region of the) am-AlxZr1-x alloy with increasing Zr content. Parabolic oxide-film growth 

kinetics occurs for Al-rich am-AlxZr1-x alloys (x ≥ 0.51) (cf. Figure 6.2), whereas linear 

oxide-film growth kinetics prevails for Zr-rich am-Al xZr1-x alloys (x < 0.35). The am-

Al 0.35Zr0.65 alloy takes an intermediate position. The parabolic oxide-film growth 

kinetics of the am-Al0.51Zr0.49 (Al/Zr ratio = 1.0) and am-Al0.68Zr0.32 (Al/Zr ratio = 2.1) 

alloy substrates (with an Al/Zr ratio much higher than the thermodynamically-preferred 

Al ox/Zrox ratio of 0.5) implies a diffusion-controlled oxide-growth behavior. The oxide-

film growth rate can be governed by the rate of oxygen diffusion through the growing 

oxide layer and/or by the backward diffusion of Al from the reacting oxide/alloy 

interface towards the interior of the alloy (as a consequence of the exclusive formation 

of the thermodynamically-preferred am-(AlO1.5)0.33(ZrO2)0.67 phase). For high Zr 
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contents of the am-AlxZr1-x alloy, the diffusion processes in oxide film and substrate 

have become that fast that the oxide-film growth rate is governed by the reactive 

formation of the thermodynamically preferred am-(AlO1.5)0.33(ZrO2)0.67 oxide phase at 

the oxide layer/substrate interface: linear oxide-film growth kinetics occurs. 

 

 

(a)                        (b) 

Figure 6.2: (a) Oxide-film thickness of am-Al0.51Zr0.49 as function of the oxidation time in a 

temperature range of 350 °C to 400 °C. (b) Cross-sectional bright-field TEM image of am-

Al 0.51Zr0.49 oxidized at 400 °C for 10 h. 

Upon prolonged oxidation of amorphous Al0.44Zr0.56 alloys at 500 °C and 560 °C 

at pO2 = 1×105 Pa, a three-stage oxidation mechanism is disclosed (Chapter 4). During 

early stages of oxidation of amorphous Al0.44Zr0.56 alloys upon exposure to pure O2(g) at 

500 °C (up to 5 h) and 560 °C (up to 45 minutes) the formation of an amorphous 

(Zr,Al)-oxide layer of homogeneous composition and uniform thickness has been 

observed, while the underlying alloy preserves its amorphous state (Stage I). The 

amorphous (Zr,Al)-oxide layers are enriched in Zr with respect to the alloy substrate 

and have the same composition, practically independent of the oxidation time and 

temperature, which complies with a distinct (local) minimum in the Gibbs energy of 

mixing for the liquid oxide-oxide solution phase (cf. Chapter 2). An Al-enrichment in 

the alloy adjacent to the alloy/am-(Zr,Al)-oxide interface occurs upon oxidation at T = 

560 °C for oxidation times up to 45 minutes, as induced by the preferential oxidation of 

Zr from the am-Al0.44Zr0.56 alloy. A concurrent expulsion of O from the region of Al 

enrichment to larger depths occurs as a consequence of a decreased O solubility in the 

Al-enriched solid solution.  
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Upon prolonged oxidation of amorphous Al0.44Zr0.56 alloys at 560 °C (t ≥ 45 

minutes), a crystalline tetragonal ZrO2 (t-ZrO2) phase nucleates, while the alloy remains 

amorphous (Stage II). The nucleation and growth of t-ZrO2 at 560 °C occurs exclusively 

close to the interface between the initially formed amorphous (Zr,Al)-oxide layer and 

the alloy, immediately underneath the region of Al enrichment in the substrate, triggered 

by oxidation-induced compositional changes in the alloy below the reacting alloy/oxide 

interface and a favorable energy of the interface between t-ZrO2 crystallites and the 

amorphous alloy matrix.  

Growth of the t-ZrO2 crystallites (by selective incorporation of O and Zr from the 

supersaturated solid solution) is associated with the expulsion (segregation) of Al into 

the region surrounding the growing t-ZrO2 particles (Stage III). As a result, the growing 

t-ZrO2 crystallites become embedded in an Al-enriched matrix, poor in Zr and O, which 

impedes their further growth. Protrusions from the surface of the t-ZrO2 crystallites 

preferentially grow towards oxygen-richer regions in the matrix and, consequently, the 

growth front becomes unstable and a dendrite morphology develops, governed by local 

fluctuations in the dissolved O concentration. The growing t-ZrO2 oxide crystallites 

eventually laterally coalesce to form a continuous layer constituted of branches of 

dendrite-shaped t-ZrO2 phase crystallites surrounded by an Al-rich amorphous Al-Zr 

alloy matrix, beneath the amorphous (Al,Zr)-oxide layer (Figure 6.3). 

 

 

Figure 6.3: Dark-field TEM image of a cross-section of the am-Al0.44Zr0.56 specimen oxidized at 

560 °C (pO2 = 1×105 Pa) for 180 minutes.  

Investigations of the corrosion resistance of untreated and pre-oxidized am-Al1-xZrx 

alloys (x = 0.25, 0.32, 0.49, 0.65, 0.74) by the electrochemical micro-capillary technique 

evidence an excellent corrosion resistance of the pre-oxidized am-Al1-xZrx alloys 

(Chapter 5). For the as-deposited am-Al1-xZrx alloys, as initially covered with a very 
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thin native oxide film, the formation of a protective passive film in 1 M HCl requires a 

minimum (critical) Zr alloying content of x = 0.49. For x < 0.49, anodization in 1 M 

HCl rapidly results in a total break-down of the protective character of the native Al-

rich oxide layer. A passive corrosion behavior, as characterized by current densities 

below 100 µA/cm2 (at 200 mV above the open circuit potential (OCP)), sets in with 

increasing Zr alloying content and is best for pure crystalline Zr. The passive film 

formed on the Zr-rich am-Al1-xZrx alloys have an Alox/Zrox ratio similar to that of the 

parent alloy substrate. For x ≥ 0.49, the passive current density attains a nearly constant 

value of 2×101 µA/cm2 at an applied potential of 500 mV, independent of the alloy 

composition, which is similar to that of stainless steel and sputter-deposited pure, 

crystalline Zr.  

The pre-oxidized am-Al1-xZrx alloys exhibit superior corrosion behavior in 1 M 

HCl as compared to the as-deposited (i.e. untreated) am-Al1-xZrx alloys (see Figure 

6.4a). The pre-oxidized am-Al1-xZrx alloys exhibit passive current densities as low as 

3.5×10-2 µA/cm2 upon anodization up to 1000 mV (without any signs of the onset of 

pitting corrosion). The passive current density becomes independent of the am-

(Al 0.33Zr0.67)O1.83 overlayer thickness for sufficiently long times of oxidation, which is 

ascribed to the establishment of a minimal residual growth defect structure in (the 

surface region of) the oxide film (see Figure 6.4b).  

The chemical stability and excellent barrier properties of the thermally-grown am-

(Al 0.33Zr0.67)O1.83 overlayer are thus attributed to (i) a relatively high nominal Zr content 

in the surface region of the surficial oxide layer, (ii) chemical and structural 

homogeneity of the am-(Al0.33Zr0.67)O1.83 overlayer, as well as (iii) a stable, minimal 

residual growth defect structure (in the surface region) established by a sufficiently 

large time of oxidation (i.e. for times larger than 150 minutes at 350 °C). Controlled 

pre-oxidation treatments of sputter-deposited amorphous AlxZr1-x coatings may thus 

offer a promising route for the development of a new generation of corrosion-resistant 

amorphous-alloy-based coating systems. 



Summary 

139 

 

Figure 6.4: (a) Potentiodynamic polarization curves of pre-oxidized am-Al0.51Zr0.49 alloy 

surfaces, as prepared by pre-oxidation treatments at 350 °C for different times (i.e. 1 h, 5 h and 

10 h). The potentiodynamic polarization curve for the as-deposited am-Al0.51Zr0.49 is also shown 

for comparison. (b) The thickness of the thermally-grown am-(Al0.33Zr0.67)O1.83 overlayer 

(grown at 350 °C) and the (averaged) corresponding current density, beyond OCP in the passive 

region at an applied potential in the range of 990 mV – 1000 mV, as function of the pre-

oxidation time. 
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Chapter 7 

7 Zusammenfassung 

Viele Eigenschaften eines Materials werden direkt von der Oxidschicht, welche sich 

unvermeidlich bei Kontakt mit einer oxidierenden gasförmigen oder flüssigen 

Umgebung an der Oberfläche bildet, beeinflusst. Folglich können diese 

Materialeigenschaften durch kontrollierte Oxidationsbedingungen (Temperatur, Zeit, 

Sauerstoffdruck) gesteuert werden. Dies erfordert jedoch ein grundlegendes Verständnis 

der ablaufenden Oxidationsprozesse. Das Oxidationsverhalten und insbesondere die 

Entwicklung der Mikrostruktur des wachsenden Oxidfilms können direkt durch 

Legieren beeinflusst werden. Allerdings ist für kristalline metallische Legierungen die 

Bildung von Festkörperlösungen in der Regel auf (manchmal sehr) enge 

Zusammensetzungsbereiche begrenzt; somit ist die Möglichkeit das 

Oxidationsverhalten und dadurch auch die Materialeigenschaften lediglich durch eine 

Variation der Legierungszusammensetzung (das heißt ohne eine einhergehende 

Variation der Mikrostruktur der Legierung) für kristalline Legierungen zu beeinflussen 

stark eingeschränkt. Amorphe Legierungen oder metallische Gläser können für viele 

Legierungssysteme in sehr weiten Zusammensetzungsbereichen gebildet werden. 

Bislang wurde dem Oxidationsverhalten von amorphen Metallen im Vergleich zu dem 

Oxidationsverhalten von kristallinen Metallen wenig Aufmerksamkeit gewidmet. 

Folglich fehlt ein grundlegendes Verständnis des Oxidationsmechanismus von 

amorphen Legierungen. 

Die vorliegende Doktorarbeit stellt eine umfassende Untersuchung der 

thermischen Oxidation von amorphen AlxZr1-x (am-AlxZr1-x) Legierungen (0.26 ≤ x ≤ 

0.68) dar. Es wurden Zusammensetzung und Mikrostruktur der auftretenden 

Oxidphase(n), sowie Oxidationskinetik und Oxidationsmechanismus von am-AlxZr1-x 

Legierungen, bei relativ niedrigen Oxidationstemperaturen von 350 – 400 °C (siehe 

Kapitel 2 bzw. 3) und bei hohen Oxidationstemperaturen von 500 – 560 °C (siehe 

Kapitel 4), untersucht. Zu diesem Zweck wurden 2 µm dicke am-AlxZr1-x Schichten 

(0.26 ≤ x ≤ 0.68), welche mittels Magnetron-Sputtern auf 50 nm SiO2/50 nm Si3N4/Si 

Wafer hergestellt wurden, in einem Temperaturbereich von 350 °C bis 560 °C und unter 

einem Druck von pO2 = 105 Pa für bis zu 10 Stunden oxidiert. Die Phasen- und 
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Gefügeentwicklung von oxidierten am-AlxZr1-x Legierungen, sowie die 

oxidationsinduzierten Veränderungen in der Legierung, wurden mittels Kombination 

von Röntgenbeugung (XRD), analytischer Transmissionselektronenmikroskopie (TEM) 

an Querschnittsproben, Augerelektronenspektroskopie (AES) zur Erstellung von 

Konzentrationstiefenprofilen und spektroskopischer Ellipsometrie (SE) untersucht. 

Abschließend wurde das Korrosionsverhalten von am-AlxZr1-x Legierungen direkt nach 

der Herstellung sowie nach Oxidation als Funktion der Legierungszusammensetzung 

und der Oxidationsbedingungen untersucht (Kapitel 5). 

Bei der Oxidation von am-AlxZr1-x Legierungen (0.26 ≤ x ≤ 0.68) bei 350 °C – 

400 °C (Kapitel 2) entwickelt sich eine amorphe (Al,Zr)-Oxidschicht mit homogener 

Zusammensetzung und gleichmäßiger Dicke auf den am-Al xZr1-x Legierungen. Das 

Auftreten einer amorphen Phase (anstelle der thermodynamisch-bevorzugten 

kristallinen Phase) lässt sich durch eine relativ hohe Keimbildungsbarriere für die 

kristallinen Oxidphase(n) erklären, welche auf die Energieerhöhung bei Ausbildung von 

Grenzflächen, auf die Behinderung von Diffusionstransporten und von strukturellen 

Änderungen, nötig zur Bildung kristalliner Oxidverbindungen (ZrO2 and Al2O3), 

zurückgeführt wird. Überraschenderweise zeigen die entstandenen amorphen (Al,Zr)-

Oxidschichten eine einheitliche homogene Zusammensetzung (Al0.33Zr0.67)O1.83, 

unabhängig von der Zusammensetzung des Ausgangsmaterials und der 

Oxidationstemperatur (siehe Abbildung 7.1a). Die praktisch einheitliche 

Zusammensetzung der unterschiedlichen amorphen Oxidschichten, (Al0.33Zr0.67)O1.83, 

kann auf Grundlage der Thermodynamik des Systems erklärt werden: Die amorphe 

ternäre Oxidphase lässt sich mit einer flüssigen Oxid-Oxid-Lösungsphase beschreiben, 

welche sich bei den niedrigen (Oxidations-)Temperaturen in einem unterkühlten 

Zustand befindet. Bei Bildung dieser Oxidphase während der Oxidation der amorphen 

Legierung stellt sich über einen weiten Zusammensetzungsbereich der amorphen 

Legierung ein thermodynamisches Gleichgewicht zwischen der amorphen 

Festkörperlösung und der amorphen Oxidphase ein, bei welchem letztere eine praktisch 

konstante Zusammensetzung aufweist als Konsequenz eines tiefen Minimums der 

Gibbs-Energie der amorphen (Al,Zr)-Oxid-Phase, ∆Gam-(Al,Zr)-oxide, bei einer 

Zusammensetzung von (AlO1.5)0.33(ZrO2)0.67. Dieser Sachverhalt wurde mittels 

schematischer dreidimensionaler Gibbs-Energie-Flächen für die amorphe 

Festkörperlösung ∆Gam-AlZr[O] und  die amorphe (Al,Zr)-Oxidphase ∆Gam-(Al,Zr)-oxide 

veranschaulicht (Abbildung 7.1b). Dadurch konnte der Einfluss der Thermodynamik auf 



Zusammenfassung 

143 

die Zusammensetzung der sich entwickelten Oxidphase aufgezeigt werden, auch für das 

Wachstum einer metastabilen, amorphen Oxidphase unter Bedingungen weit entfernt 

vom eigentlichen thermodynamischen Gleichgewicht des Systems. 

 

Abbildung 7.1: a) Das Alox/Zrox-Verhältnis in der entstandenen amorphen Oxidphase (Kreise) 

und das Almet/Zrmet-Verhältnis in der ursprünglichen am-AlxZr1-x-Legierung (Kreuze) nach der 

thermischen Oxidation von am-AlxZr1-x Legierungen verschiedenster 

(Ausgangs-)Zusammensetzungen bei den jeweils angegebenen Oxidationstemperaturen. 

b) Schematisches ternäres Phasendiagramm von Al, Zr und O im Temperaturbereich von 350 – 

400 °C. 

Die mittels spektroskopischer Ellipsometrie bestimmte Oxidationskinetik von am-

Al xZr1-x-Legierungen (0.26 ≤ x ≤ 0.68) (Kapitel 3) zeigt eine Beschleunigung mit 

steigendem Zr-Gehalt in der am-AlxZr1-x Legierung. Dies wird (i) einer Zunahme der 

Löslichkeit von O mit steigendem Zr-Gehalt in der Legierung und (ii) einer Zunahme 

der Mobilität von Al mit steigendem Zr-Gehalt in der (sauerstoffangereicherten) am-

Al xZr1-x Legierung zugeschrieben. Die Wachstumskinetik der Oxidschichten für die 

Oxidation von Al-reichen am-AlxZr1-x Legierungen (x ≥ 0.51) folgt einem parabolischen 

Wachstumsgesetz (siehe Abbildung 7.2), wohingegen bei der Oxidation von Zr-reichen 

am-AlxZr1-x-Legierungen (x < 0.35) ein lineares Wachstumsgesetz der Oxidschichten 

auftritt. Die am-Al0.35Zr0.65-Legierung nimmt dabei eine Zwischenposition ein. Das 

parabolische Wachstum der Oxidschichten der am-Al0.51Zr0.49 (Al/Zr-Verhältnis = 1.0) 
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und am-Al0.68Zr0.32 (Al/Zr-Verhältnis = 2.1) Legierungen (welche somit ein Al/Zr- 

Verhältnis größer als das thermodynamisch bevorzugte Alox/Zrox Verhältnis von 0.5 der 

amorphen Oxidphase aufweisen) deutet auf ein diffusionskontrolliertes 

Wachstumsverhalten der Oxidschichten hin. Die Wachstumskinetik der Oxidschicht 

kann einerseits durch den Sauerstofftransport durch die wachsende Oxidschicht 

hindurch und/oder andererseits durch die Diffusion von Al von der 

Reaktionsgrenzfläche  Oxid/Legierung in tieferliegende Bereiche der Legierung hinein 

(bedingt durch die Bildung der thermodynamisch bevorzugten Oxidphase am-

(AlO1.5)0.33(ZrO2)0.67) bestimmt werden. Bei höherem Zr-Gehalt in der am-Al xZr1-x 

Legierung sind die Diffusionsprozesse in der Oxidschicht und in der Legierung so 

schnell, dass die Wachstumskinetik der Oxidschicht durch die Bildungsrate der 

thermodynamisch-bevorzugten am-(AlO1.5)0.33(ZrO2)0.67-Phase an der Oxid/Legierung-

Grenzfläche bestimmt wird. Dies hat eine lineare Wachstumskinetik der Oxidschicht 

zufolge. 

 

 

                                        (a)                (b) 

Abbildung 7.2: (a) Oxidschichtdicke der am-Al0.51Zr0.49 Legierung als Funktion der 

Oxidationszeit in einem Temperaturbereich von 350 – 400 °C. (b) Hellfeld-TEM-Bild einer 

Querschnittsprobe einer am-Al0.51Zr0.49 Legierung, welche bei 400 °C für 10 h oxidiert wurde. 

Das Oxidationsverhalten von amorphen Al0.44Zr0.56 Legierungen bei 500 – 560 °C 

und pO2 = 1×105 Pa zeigt einen dreistufigen Oxidationsmechanismus (Kapitel 4). 

Während des Anfangsstadiums der Oxidation von amorphen Al0.44Zr0.56 Legierungen 

bei 500 °C (bis zu 5 Stunden) und bei 560 °C (bis zu 45 Minuten) wurde zunächst die 

Bildung einer amorphen (Al,Zr)-Oxidschicht beobachtet (Stufe I), welche eine 

homogene Zusammensetzung und eine gleichmäßige Dicke aufweist. Währenddessen 
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behält die darunterliegende Legierung ihren amorphen Zustand bei. Die amorphen 

(Al,Zr)-Oxidschichten sind im Vergleich zu der Ausgangslegierungszusammensetzung 

mit Zr angereichert und haben dieselbe Zusammensetzung unabhängig von 

Oxidationszeit und –temperatur. Dies spricht für ein stark ausgeprägtes lokales 

Minimum der Gibbs-Energie der Oxid-Oxid-Lösungsphase (siehe Kapitel 2). Während 

der Oxidation der am-Al0.44Zr0.56 Legierung bei 560 °C bis zu 45 Minuten wird durch 

die bevorzugte Oxidation von Zr eine Al-Anreicherung in der Legierung direkt unter der 

Grenzfläche Oxid/Legierung beobachtet. Gleichzeitig tritt eine Verdrängung von O aus 

dem Bereich der Al-Anreicherung in tieferliegende Bereiche der Legierung auf, 

ausgelöst durch eine herabgesetzte Sauerstofflöslichkeit in der Al-angereicherten 

Festkörperlösung. 

Bei längeren Oxidationszeiten der amorphen Al0.44Zr0.56 Legierung bei 560 °C (t ≥ 

45 Minuten) bildet sich eine kristalline tetragonale ZrO2 Phase (t-ZrO2), wohingegen 

die amorphe Legierung ihre amorphe Struktur weiterhin beibehält (Stufe II). 

Keimbildung und Wachstum der t-ZrO2 Phase bei 560 °C findet ausschließlich nahe der 

Grenzfläche zwischen der bereits entstandenen amorpher (Zr,Al)-Oxidschicht und der 

amorphen Legierung, unmittelbar unter dem Bereich der Al-Anreicherung in der 

amorphen Legierung statt. Die t-ZrO2 Phase entsteht aufgrund der oxidationsinduzierten 

Zusammensetzungsveränderung in der Legierung direkt unterhalb der Grenzfläche und 

einer günstigen Grenzflächenenergie zwischen t-ZrO2 Kristallit und amorpher 

Legierungsmatrix.  

Das Wachstum der t-ZrO2 Kristallite (durch selektiven Einbau von O und Zr aus 

der übersättigten Festkörperlösung) geht einher mit der Verdrängung (Segregation) von 

Al in die Bereiche rund um die wachsenden t-ZrO2-Partikel (Stufe III). Demzufolge 

werden die wachsenden t-ZrO2 Kristallite von einer zunehmend mit Al angereicherten 

und an Zr und O verarmten Legierungsmatrix umgeben, welche das weitere Wachstum 

der t-ZrO2 Kristallite behindert. Einzelne Ausbuchtungen der t-ZrO2 Kristallite wachsen 

bevorzugt in sauerstoffreichere Regionen der Legierungsmatrix hinein; folglich kommt 

es zu einer Destabilisierung der Wachstumsfront. Dies führt zu der Ausbildung einer 

dendritischen Morphologie verursacht durch lokale Konzentrationsschwankungen des 

gelösten Sauerstoffs. Schlussendlich stoßen die wachsenden t-ZrO2 Kristallite 

aneinander und bilden eine kontinuierliche Schicht unter der anfänglich gebildeten 

amorphen (Al,Zr)-Oxidschicht aus, welche aus dendritförmigen t-ZrO2 Kristalliten 

umgeben von einer Al-reichen Legierungsmatrix besteht (siehe Abbildung 7.3).  
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Abbildung 7.3: Dunkelfeld-TEM-Bild eines Querschnitts der am-Al0.44Zr0.56-Probe, welche bei 

560 °C (pO2 = 1×105 Pa) für 180 Minuten oxidiert wurde.  

Die Untersuchung der Korrosionsbeständigkeit von unbehandelten und oxidierten 

am-Al1-xZrx-Legierungen (x = 0.25, 0.32, 0.49, 0.65, 0.74) mittels elektrochemischer 

Mikrokapillartechnik zeigte eine ausgezeichnete Korrosionsbeständigkeit der oxidierten 

am-Al1-xZrx Legierungen (Kapitel 5). Für unbehandelte am-Al1-xZrx-Legierungen, 

welche anfänglich eine sehr dünne natürliche Oxidschicht aufweisen, wird ein 

minimaler (kritischer) Zr-Gehalt von x = 0.49 für die Bildung einer schützenden 

Passivschicht in 1 M HCl  benötigt. Ist der Zr-Gehalt in den unbehandelten am-Al1-xZrx-

Legierungen x < 0.49, führt die Anodisierung in 1 M HCl rasch zu einem vollständigen 

Verlust des schützenden Charakters der Al-reichen natürlichen Oxidschicht. Mit 

zunehmendem Zr-Legierungsgehalt setzt ein passives Korrosionsverhalten, 

gekennzeichnet durch Stromdichten unter 100 µA/cm2 (bei 200 mV über dem 

Ruhepotential (OCP)), ein und ist am besten für reines kristallines Zr. Der Passivfilm, 

der sich auf Zr-reichen am-Al1-xZrx Legierungen ausbildet, hat ein Alox/Zrox Verhältnis 

ähnlich dem der Ausgangslegierung. Für am-Al1-xZrx Legierungen mit x ≥ 0.49 erreicht 

die Passivstromdichte bei einem angelegten Potential von 500 mV einen nahezu 

konstanten Wert von 2×101 µA/cm2, unabhängig von der Legierungszusammensetzung. 

Diese Passivstromdichte ist vergleichbar mit der von rostfreiem Stahl und von 

sputterabgeschiedenen reinen kristallinen Zr-Schichten.  

Die oxidierten am-Al1-xZrx-Legierungen besitzen eine hervorragende 

Korrosionsbeständigkeit in 1 M HCl im Vergleich zu den unbehandelten am-Al1-xZrx 

Legierungen (siehe Abbildung 7.4a). Die oxidierten am-Al1-xZrx-Legierungen weisen 

sehr niedrige Passivstromdichten mit Minimalwerten bis zu 3.5×10-2 µA/cm2 bei 

Anodisierung bis zu 1000 mV auf (ohne jegliche Anzeichen für beginnende 
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Lochfraßkorrosion). Für ausreichend lange Oxidationszeiten wird die Passivstromdichte 

unabhängig von der Dicke der am-(Al0.33Zr0.67)O1.83-Schicht. Dies wird einer minimalen 

Anzahl an verbleibenden Wachstumsdefekten an der Oberfläche des Oxidfilms 

zugeschrieben (siehe Abbildung 7.4b). 

Die chemische Stabilität und die ausgezeichnete Schutzwirkung der thermisch 

gewachsenen am-(Al0.33Zr0.67)O1.83-Schicht sind somit (i) dem relativ hohen nominellen 

Zr-Gehalt im oberflächennahen Bereich der Oxidschicht, (ii) der chemischen und 

strukturellen Homogenität der am-(Al0.33Zr0.67)O1.83-Schicht und (iii) einer minimalen 

Anzahl an verbleibenden Wachstumsdefekten (im oberflächennahen Bereich der 

Oxidschicht), verursacht durch eine ausreichend lange Oxidationszeit (t >150 Minuten 

bei 350 °C), zuzuschreiben. Die kontrollierte Oxidation von sputterabgeschiedenen 

amorphen AlxZr1-x-Schichten ist somit eine vielversprechende Möglichkeit für die 

Entwicklung einer neuen Generation von korrosionsbeständigen Beschichtungen auf 

Basis amorpher Legierungen. 

 

 

Abbildung 7.4: (a) Potentiodynamische Polarisationskurven von oxidierten am-Al0.51Zr0.49-

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

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

am-Al0.51Zr0.49-Legierung ist zum Vergleich gegeben. (b) Die Schichtdicke der thermisch 

gewachsenen am-(Al0.33Zr0.67)O1.83-Phase (gebildet bei 350 °C) und die zugehörige 

(durchschnittliche) Stromdichte bei einem angelegten Potential von 990 – 1000 mV in der 

passiven Region, jeweils als Funktion der Oxidationszeit. 
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