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I Introduction 

The continual development of technologies in all types of industries requires development in 

the field of preparation and characterization of new materials. In the last decades, considerable 

attention has been paid to the materials in a form of thin films prepared by magnetron sputtering 

technique. By depositing a thin film onto the surface of the underlying material, diverse prop-

erties can be improved such as mechanical, electrical, optical, chemical or thermal properties. 

By magnetron sputtering, which is non-equilibrium process, it is also possible to prepare films 

in the metastable state, which can lead to unique material properties. 

The high-temperature behavior of the material is also crucial for miscellaneous applications, 

especially when used in severe environments. For this reason, the development of new materials 

with heat-resistant capabilities and the understanding of processes and phenomena in the mate-

rial occurring at elevated temperature is very important.   

This Ph.D. thesis therefore aims at the extension of knowledge in these fields. It deals with thin-

film alloys and non-oxide ceramics with an amorphous or metastable crystalline structure. The 

main part is devoted to the high-temperature behavior of these materials investigated primarily 

by differential scanning calorimetry and thermogravimetry. The crystallization and oxidation 

behavior of Zr–Cu and Zr–Hf–Cu thin films is presented and discussed in Part A. The effect of 

the addition of Al or Si into Zr–Hf–Cu thin-film alloys on their thermal behavior and oxidation 

resistance is evaluated in Part B. Parts C and D are devoted to the preparation and characteri-

zation of binary W–Zr thin-film alloys with different metastable structures. Last Part E is fo-

cused on the characterization of the high-temperature oxidation resistance and thermal stability 

of hard and optically transparent Hf–B–Si–C–N films with an Y or Ho addition (2 – 3 at.%). 

This thesis has been carried out within the framework of the projects SGS‒2016‒056 (2016‒

2018): New nanostructured thin-film materials formed by plasma technologies, SGS‒2019‒031 

(2019‒2021): New thin-film materials formed by advanced plasma technologies, GA ČR 16-

18183S (2016–2018): Advanced surface coatings with enhanced properties and thermal stabil-

ity, and MŠMT LO1506 (2015–2020): Sustainability support of the centre NTIS - New Tech-

nologies for the Information Society. 
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1. Alloys 

In general, alloys can be characterized as a mixture of one metal and at least one other element 

[1,2]. The main reason for adding other elements to a pure metal is to improve its properties, 

such as mechanical [3,4] or corrosion properties [5]. Thin-film alloys can be prepared by mag-

netron sputtering, because it is possible, in principle, to sputter any metal (even those with a 

very high melting point) and thus prepare films with various compositions [6]. The resulting 

structure of the prepared alloys can be homogeneous (consisting of one solid solution or one 

intermetallic compound) or heterogeneous (consisting of a mixture of these phases) [7,8]. The 

difference between the crystal structure of a solid solution and an intermetallic compound is 

that the solid solution lattice is the same as the lattice of one of the constituent elements while 

the intermetallic compound lattice differs from those of the constituting elements.  

From another point of view, the structure of the alloy may comprise stable or metastable phases. 

Moreover, the metastable phases may be amorphous or crystalline. Musil et al. [9] showed that 

magnetron sputtering is a very suitable technique for preparation of alloys with a high-temper-

ature metastable phases, because it combines a sufficiently high temperature of the material at 

the atomic level during the deposition of thin film, which is necessary to form the high-temper-

ature phase, and very fast cooling to room temperature, which prevents the conversion of the 

high-temperature phase to the low-temperature phase. They also stated that in order to prepare 

films with the high-temperature phase, it is necessary to use elements crystallizing in different 

crystal structures, such as Ti–Nb [10] or Ti–Cr [11].  

 

1.1  Miscible and immiscible binary systems 

As mentioned above, mixing a metal with another element can lead to several different results. 

In case of a miscible system, a solid solution or an intermetallic compound can be formed. On 

the other hand, two separate elements are preserved in an immiscible system. Of course, there 

can be systems with complete miscibility in liquid state and immiscibility in solid state. 

According to the equilibrium W–Zr phase diagram [12], the W–Zr system, which will be dis-

cussed in this Ph.D. thesis, exhibits a complete liquid solubility, but almost negligible mutual 

solid solubility of Zr in α-W and W in α-Zr at ambient temperature (see Fig. 1). In a very narrow 

range of the elemental composition (33 – 35 at.% Zr), only a pure intermetallic phase W2Zr can 

be formed [13]. At higher temperatures, the solubility is slightly increased to 3.56 at.% Zr in α-
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W at peritectic temperature of 2160 °C and 3.98 at.% W in β-Zr at eutectic temperature of 

1739 °C.    

Since the generation of experimental phase diagrams is a relatively expensive and time-con-

suming process, it was necessary to define some rules for determining the mutual solubility of 

elements. It was found that the extent of solubility of substitutional solid solutions is determined 

by a few factors formulated by Hume-Rothery. First, the increasing difference in the electro-

negativity of both elements increases the tendency to form the intermetallic compound [14,15]. 

In other words, the mutual solubility of two metals increases with a decreasing difference of 

their electronegativities. Second, the size factor rule states that two metals, whose atomic radii 

differ by more than 15 %, have very low mutual solubility [15,16]. This is due to the difficulty 

of forming a mixed crystal with properly distributed atoms at the lattice sites, but it is not the 

case of an intermetallic compound that can still be formed. Third, a metal with a smaller number 

of valence electrons dissolves in a metal with a higher number of valence electrons more likely 

than the other way round. 

 

Fig. 1. The equilibrium W–Zr phase diagram [12]. 

 

Because the applicability of the individual rules (or their combination) was not always satisfac-

tory [17], Miedema et al. introduced a new empirical model with a very high certainty (around 

98 %) in predicting the alloying behavior of two metal elements [18,19]. In this model, the 

value of the formation enthalpy is used to predict the miscibility or immiscibility of the system 
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– a miscible system corresponds to a negative formation enthalpy, while an immiscible system 

to a positive formation enthalpy. Zhang et al. [20] showed that the results of Miedema’s model 

are very accurate in case of highly positive (> 10 kJ/mol) or highly negative (< -10 kJ/mol) 

binary alloy systems, but their inaccuracy increases when the formation enthalpy is close to 0.    

 

1.2  Metallic glasses 

One of the very interesting groups of alloys are metallic glasses. Metallic glasses are amorphous 

alloys with neither a long-range periodical arrangement nor a completely random arrangement 

of atoms in their structure. By using molecular dynamic simulations, it has been shown that 

they exhibit a short- or medium-range ordering of atoms in a form of base units called icosahe-

dral clusters [21–23]. Metallic glasses are isotropic and have a homogeneous structure without 

lattice defects and grain boundaries [24]. The first metallic glass (specifically, the binary 

Au80Si20) was prepared by Klement et al. in 1960 by rapid quenching of the alloy from the 

molten state [25]. It was found that the cooling rate necessary for the preparation of a metallic 

glass from melt or gas must be high enough (in order of 103 – 106 K/s) to prevent the formation 

of nuclei and crystal growth and to preserve the amorphous structure of the alloys [26,27]. This 

leads to the preparation of a materials that have very interesting and unique properties, such as 

high yield strength and elastic strain, good corrosion and wear resistance or smooth surface 

[28–30].   

The difference between the conventional amorphous materials and metallic glasses is in the 

process of their crystallization. While the structure of a conventional amorphous material trans-

forms directly to crystalline with increasing temperature, in case of metallic glasses it is a bit 

more complicated. The crystallization process of metallic glasses can be investigated by differ-

ential scanning calorimetry (DSC) [31,32]. Fig. 2 presents a detail of the DSC curve of Zr54Cu46 

thin-film metallic glass (TFMG) annealed to 600 °C in argon (the direction of an exothermic 

reaction is upwards). One can recognize a characteristic decrease of the heat flow before the 

onset of the exothermic crystallization peak (see Fig. 2). The onset of this decrease determines 

the glass transition temperature Tg and onset of the exothermic crystallization peak then corre-

sponds to the crystallization temperature Tc. The region between these temperatures is called a 

supercooled liquid region ΔT. These three values are characteristic for the metallic glasses and 

strongly depend on their elemental composition.  
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Fig. 2. DSC curve of Zr54Cu46 TFMG annealed to 600 °C in argon. The glass transition temperature 

Tg, crystallization temperature Tc and supercooled liquid region ΔT are highlighted. 

 

Metallic glasses can also exhibit a “self-healing” effect [33,34]. It means that the surface defects 

(scratches, dents or indentation imprints) with a size of a few micrometers can be partially or 

completely recovered by annealing of the metallic glass within the supercooled liquid region 

because of their viscous flow in this region. As can be seen in Fig. 3, annealing of the Zr-based 

metallic glass within ΔT for 1 minute leads to a decrease of the indentation depth (by almost 

14 % in this case). This capability can be very beneficial when the metallic glasses are used as 

an antiscratching coatings.  

 

Fig. 3. Atomic force microscopy images of the indentation imprint in Zr-based TFMG before and after 

annealing at 460°C for 1 minute [34]. 

 

The amorphous structure of metallic glasses without any columns and grain boundaries exhibits 

enhanced corrosion resistance compared to the crystalline alloys, because the grain-boundary-

free microstructure serves as a more effective diffusion barrier. The surface of metallic glasses 

is very smooth (below 1.5 nm for Zr–Cu [35]), so they can be used as a surface layer to reduce 

the surface roughness of the base material [36].  For example, the Zr51Cu32Al10Ni7 surface layer 
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reduced the surface roughness of the ZK60 magnesium alloy from 54.6 to 24.2 nm and signif-

icantly increased the fatigue life of the material [37]. It was also found that the surface rough-

ness of the Zr-based metallic glasses can be further reduced by annealing of the film within ΔT 

for 1 minute [38].  

In addition, the mechanism of plastic deformation of metallic glasses differs from the mecha-

nism of conventional crystalline metals. The plastic deformation in crystalline metals takes 

place by the dislocation slip. On the other hand, the metallic glasses, which are free of disloca-

tions, exhibit higher elastic limit compared to the crystalline metals (i.e. are able to store more 

elastic energy) and the plastic deformation proceeds via shear-banding in their case. The shear 

bands, which can be clearly seen around the indent in Fig. 4, occur as a consequence of relieving 

of an accumulated localized plastic strain during the deformation resulting in the shear-soften-

ing of the deformed area compared to the surrounding undeformed area. Further deformation 

then leads to the catastrophic failure of the material. However, it should be emphasized that the 

metallic glasses have higher yield strengths than crystalline metallic films and larger ductility 

than ceramics [39–41].  

 

Fig. 4. Scanning electron microscopy image of the indent made on the Zr51.2Ti13.8Cu12.5Ni10Be22.5 bulk 

metallic glass at a load of 1000 mN [41].    

 

In terms of preparation, Inoue [42] proposed three empirical rules to obtain a glassy alloy by 

various casting processes. The alloy should be composed of three or more elements, where the 

atomic size of the main elements differs by more than 12 %, and they should exhibit a negative 

heat of mixing. Of course, binary metallic glasses can be prepared as well, but the cooling rate 

required to preserve the amorphous structure must be higher than in the previous case. 
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Since magnetron sputtering allows high-cooling rates (≥ 106 K/s), the research on TFMGs 

started in our labs a few years ago. A systematic study has been done on the binary Zr–Cu 

system because this system is characterized one of the highest glass forming ability. This is 

caused by a large difference in the atomic sizes of Zr and Cu (1.6 Å for Zr and 1.28 Å for Cu) 

combined with a large negative heat of mixing (-23 kJ/mol) [43]. Zeman et al. [35] found that 

the Zr–Cu TFMGs can be prepared with the Cu content between approximately 30 and 65 at.%. 

The glass transition temperature increased gradually with increasing Cu content and a clear 

correlation between the evolution of the crystallization and glass transition temperature and 

mechanical properties with increasing Cu content was observed (Fig. 5). In addition, benefits 

of sputtering of Cu in a high-power impulse magnetron sputtering (HiPIMS) regime were 

demonstrated, e.g., a moderate compressive stress, an enhanced hardness (up to 7.5 GPa), very 

smooth (surface roughness < 1 nm) and hydrophobic (water contact angle up to 108°) surface 

of the Zr–Cu TFMGs.  

In the recent paper published by Houška et al. [44], these experimentally achieved results were 

correlated with and explained by extensive molecular dynamics simulations of the atom-by-

atom growth. After the confirmation of compositional ranges corresponding to crystalline and 

amorphous Zr–Cu films, a short- and medium-range order of the amorphous films was evalu-

ated. An increasing flux of deposited Cu atoms resulted in an increasing coordination of Zr and 

Cu elements in the films, increasing packing factor, increasing number of shortest-path network 

rings of length 3 and 5, and increasing number of 555 triplets in the common neighbor statistics 

(Fig. 5). Changes in the two latter quantities correspond to an increasing number of icosahedral 

clusters, which correlates well not only with an increasing densification and hardness, but also 

with an increasing glass transition temperature (for compositions which exhibit the glass tran-

sition) and crystallization temperature.  
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Fig. 5. Dependence of hardness (HiPIMS and DC regimes), crystallization (Tx) and glass transition (Tg) 

temperature (HiPIMS regime) of Zr–Cu films on the Cu content (experimental data) [35] and the de-

pendence of the average packing factor and the number of 555 triplets (icosahedral clusters) on the film-

forming flux composition and energy (calculation data) [44]. Correlations of the data are well visible. 

 

To investigate the effect of an incorporation of Hf into binary Zr–Cu films on the properties 

and thermal behavior, Zítek et al. [45] performed an experimental study of the Zr–Hf–Cu sys-

tem in our labs. It was shown that a gradual substitution of Hf for Zr is beneficial in terms of an 

enhanced hardness and thermal stability of the glassy state. This was explained by increasing 

average bond energy as Hf with a more covalent character of bonds gradually substitutes Zr in 

the amorphous structure. Tuning of the elemental composition of the Zr–Hf–Cu TFMGs al-

lowed also to control the supercooled liquid region in a very wide temperature range (405 – 

533 °C) and to maintain a high oxidation resistance even in the supercooled liquid region.  

Part A of this Ph.D. thesis follows up on these previous studies and focuses on the investigation 

of the crystallization behavior of Zr54Cu46 and Zr27Hf27Cu46 TFMGs and their oxidation behav-

ior compared to a crystalline Zr54Cu46 thin-film alloy.  

Since alloying with Al or Si has been reported to affect the crystallization temperature and also 

the width of the supercooled liquid region of Zr- or Cu-based metallic glasses [46,47] and no 

Zr–Hf–Al/Si–Cu films have been studied yet, we paid attention also to these two quaternary 

systems. Zítek et. al [48] prepared Zr–Hf–Al/Si–Cu thin-film alloys with up to 17 at.% Al or 

up to 12 at.% Si. It was found that all films were amorphous and that the addition of Al or Si 
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enhanced mechanical properties of the films. In addition, the films were very smooth, electri-

cally conductive and also hydrophobic up to 17 at.% Al or 6 at.% Si. Part B of this Ph.D. thesis 

is then focused on the investigation of the thermal behavior and oxidation resistance of these 

quaternary Zr–Hf–Al/Si–Cu films.  

Another binary system with a larger negative enthalpy of mixing and difference in atomic sizes 

of both elements is the W–Zr system. So far, only a few studies have dealt with magnetron 

sputtered W–Zr alloys and, moreover, only in a limited range of the elemental composition. 

Bhattarai et al. [49] investigated the corrosion resistance of W–Zr thin-film alloys with 14 – 

76 at.% Zr, while Horwat et al. focused on the investigation of mechanical properties of W2Zr 

Laves phase and W–Zr thin films with 19 – 57 at.% Zr [50] and on the effect of structure evo-

lution on the electrical and optical properties in the same range of the elemental composition 

[51].   

Part C of this Ph.D. thesis is devoted to the preparation of W–Zr thin-film alloys in a very wide 

range of the elemental composition (3 – 99 at.% Zr) and to the investigation of relationships 

between the structure and the microstructure, surface morphology, mechanical properties and 

electrical resistivity in detail. Part D is then focused on self-formation of a unique dual glassy-

crystalline structure in this system at 28 at.% Zr. 

 

2. Multicomponent high-temperature coatings  

An effective way to obtain new materials with a unique combination of material properties is 

the preparation of multicomponent coatings. Very often, the stability of these properties at ele-

vated temperature and even in oxidizing environment is required. From this point of view, one 

of the interesting groups are multicomponent ceramic coatings. In combination with a high 

optical transparency, these materials can be used as a high-temperature passive protection of 

optical and optoelectronic devices [52,53]. On the other hand, materials with high oxidation 

resistance and thermally stable electrical conductivity are suitable candidates for capacitive 

pressure or tip clearance sensors in harsh environments [54,55]. 
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2.1  Hf–B–Si–C films  

Recently, Hf–B–Si–C materials have been prepared in the form of thin films by non-reactive 

magnetron sputtering in our labs [56,57]. The main motivation was to prepare highly electri-

cally conductive thin-film materials with an improved oxidation behavior. Therefore, the effect 

of Si addition (0 – 50 % Si in the target erosion area) on the structure, mechanical and electrical 

properties, and oxidation resistance was investigated. It was shown that a pure Hf–B–C film 

exhibited a nanocolumnar structure, high hardness (up to 37 GPa) and low electrical resistivity 

(1.8 × 10-6 Ωm). A gradual addition of Si led to a structure amorphization and a significant 

improvement of the oxidation resistance up to 30 % Si fraction (see oxidation thermogravimet-

ric curves in Fig. 6). The addition of up to 7.5 % Si did not affect the hardness of the films, 

which was around 34 – 37 GPa. For the films with 10 – 50 % Si fraction, the hardness gradually 

decreased down to 12 GPa. The electrical resistivity gradually increased with increasing Si 

content but remained within the order of 10-6 Ωm. Based on these results, Hf–B–Si–C film 

prepared at 20 % Si fraction was chosen for further investigation, because it exhibited a suffi-

ciently high hardness (above 20 GPa) and a high oxidation resistance at least up to 800 °C.  

 

Fig. 6. Thermogravimetric oxidation curves of as-deposited Hf–B–Si–C films measured in synthetic 

air at a heating rate of 10 °C/min. The films were prepared at different Si fractions (0 – 50%) in the 

target erosion area [57]. 

 

2.2  Hf–B–Si–C–N films  

In order to further improve the oxidation resistance above 1000 °C and to limit the B release 

from the films during annealing in air, N was added into the Hf–B–Si–C films [58]. The most 
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promising films were prepared with 20 % Si fraction in the target erosion area and with 15 % 

and 25 % N2 fraction in Ar–N2 gas mixture. Both films exhibited an amorphous structure, suf-

ficiently high hardness (20 – 22 GPa), a very high oxidation resistance up to 1500 °C (mass 

change ≤ 5 mg/cm2) and an electrical conductivity (Hf7B23Si22C6N40 film prepared at 15 % N2) 

or an optical transparency (Hf6B21Si19C4N47 film prepared at 25 % N2). A very interesting result 

is that such a small difference in the elemental composition leads to a large difference in the 

electrical and optical properties of the films. 

As can be seen in the left side of Fig. 7, the microstructure of the electrically conductive 

Hf7B23Si22C6N40 film after annealing to 1500 °C consists of a two-layer structure – an original 

film and a protective surface oxide layer. The 360 nm thick surface oxide layer is composed of 

m- and t- or o-HfO2 nanocrystallites, which are embedded in a SiO2-based amorphous matrix. 

While m-HfO2 nanocrystallites are located predominantly near the surface, t- or o-HfO2 nano-

crystallites are distributed throughout the thickness of the oxide layer (see the right side of Fig. 

7). It can be seen that the structure of the original film changed after annealing to 1500 °C from 

amorphous to partially crystalline and consisted of HfCN and HfB2 nanocrystallites surrounded 

by Si3N4 and BN boundary phases [59]. 

Fig. 7. Cross-section HRTEM image of the Hf7B23Si22C6N40 film annealed in air up to 1500 °C (left 

side) [58] and a phase distribution plot across the thickness this film. The plot was obtained by azi-

muthal integration of Debye–Scherrer rings measured by cross-sectional X-ray nanodiffraction. Zero 

depth on the vertical axis corresponds to the surface of the oxidized film (right side) [59]. 

 

A detailed examination of the structure of the Hf7B23Si22C6N40 film after annealing to 1500 °C 

by high-resolution transmission electron microscopy (HRTEM) revealed that the HfB2 and 

HfCN nanocrystallites form a sandwich structure, where the strips of HfB2 nanocrystals are in 

the middle and HfCN nanocrystallites are placed on both sides, as can be seen in Fig. 8. Based 
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on this geometry, it appears that the HfB2 forms first and then serves as a low energy nucleation 

site for the coherent growth of the HfCN phase [60]. 

 

Fig. 8. HRTEM image of a HfB2 and HfCN sandwich structure. Adjusted according to [60]. 

 

Fig. 9 shows the microstructure of the optically transparent Hf6B21Si19C4N47 film after anneal-

ing to 1500 °C, where the two-layer structure was also created. The surface oxide layer with the 

thickness of 370 nm is very similar to the oxide layer of Hf7B23Si22C6N40 film mentioned above. 

In addition, the structure of the original film remains amorphous even after the annealing to 

1500 °C, which indicates an extraordinary thermal stability of the structure of this film [58,60]. 

 

Fig. 9. Cross-section HRTEM images of the Hf6B21Si19C4N47 film annealed in air up to 1500 °C [58]. 

 

2.3  Protective coatings with rare-earth elements 

Recently, it has been reported in the literature that monosilicates and disilicates of rare-earth 

elements (such as Y, Yb or Ho) are suitable for use as protective barrier layers of hot sections 

of gas turbine engines, because they exhibit a higher stability during the reaction with high-

temperature steam compared to pure silica [61–63]. In addition, large atomic radius of Y or Ho 

might also be beneficial to retard the diffusion during the oxidation and crystallization pro-

cesses.    

HfCN 

HfCN 

HfB2 
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Therefore, part E of this Ph.D. thesis follows up on the previous studies of Hf–B–Si–C–N films 

and is focused on the investigation of the effect of Y or Ho addition (2 – 3 at.%) into Hf–B–Si–

C–N films on their oxidation resistance and thermal stability at temperatures significantly ex-

ceeding 1000 °C.  
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II Aims 

The Ph.D. thesis is focused on investigation of the high-temperature behavior of binary Zr‒Cu, 

ternary Zr‒Hf‒Cu and quaternary Zr‒Hf‒Al/Si‒Cu TFMGs and senary Hf–B–Si–Y/Ho–C–N 

ceramic films with an amorphous structure, and on preparation and characterization of thin-film 

alloys from the binary W‒Zr system. The high-temperature behavior was primarily character-

ized by differential scanning calorimetry and high-resolution thermogravimetry. 

Main aims of the Ph.D. thesis are formulated as follows: 

1) To investigate and compare the crystallization and oxidation behavior of Zr‒Cu and Zr‒Hf‒

Cu TFMGs and the oxidation behavior of a Zr‒Cu TFMG and a crystalline Zr‒Cu film of 

the identical composition. To determine the activation energy of the crystallization and ox-

idation process.  

2) To systematically investigate the effect of an addition of Al or Si into Zr‒Hf‒Cu TFMGs 

on the glass transition temperature, the width of the supercooled liquid region, the thermal 

stability and the oxidation behavior of the prepared Zr‒Hf‒Al/Si‒Cu films. 

3) To prepare W–Zr thin-film alloys in a very wide composition range and to identify struc-

tures and phases, including metastable ones, that can be prepared by non-equilibrium pro-

cess of magnetron sputtering. In addition, to find relationships between the structure and 

the microstructure, surface morphology, mechanical properties, and electrical resistivity of 

the films. 

4) To investigate the effect of an addition of small amount (2 ‒ 3 at.%) of Y or Ho into hard 

and optically transparent Hf–B–Si–C–N amorphous films on their high-temperature oxida-

tion resistance and on the thermal stability of their structure, hardness, and optical properties 

upon annealing in air and inert gases. 
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III Results 

The results are presented in a form of four scientific papers (Parts A, B, D and E) published in 

international journals and one draft of the paper submitted for publication in international jour-

nal (Part C). These papers summarize the most important results obtained during my Ph.D. 

study at the Department of Physics, Faculty of Applied Sciences University of West Bohemia 

in Pilsen since September 2016.  

I carried out all measurements of the high-temperature behavior of binary, ternary and quater-

nary Zr–Cu based TFMGs (Parts A and B) and senary Hf–B–Si–Y/Ho–C–N ceramic films (Part 

E) by differential scanning calorimetry and high-resolution thermogravimetry. I evaluated 

measured data and actively participated in the interpretation of the results. I also actively par-

ticipated in the evaluation of the results of other analyses supporting the interpretation of the 

high-temperature behavior of the films. I wrote the first version of the papers (Parts A and E) 

and actively participated in completing and writing of the final version of the papers (Parts A, 

B and E). Note that the films investigated in Parts A, B and E were deposited by other Ph.D. 

students. 

I carried out all depositions of the W–Zr thin-film alloys (Parts C and D) by magnetron co-

sputtering. I measured the elemental composition, thickness, residual stress, mechanical and 

electrical properties of the films. I performed imaging of the films in top and cross-sectional 

views. In addition, I actively participated in the interpretation of the results of other analyses. I 

wrote the first version of the paper (Part C) and actively participated in completing and writing 

of the final version of the paper (Parts C and D).  
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Abstract 

Binary W–Zr thin-film alloys with different metastable structures were prepared by dc magne-

tron co-sputtering of W and Zr targets in argon atmosphere on unheated and unbiased sub-

strates. The effect of the elemental composition on the formation of different structures and 

phases was studied in a very wide range of 3 – 99 at.% Zr. The microstructure and properties 

of the films were related to the individual metastable structures prepared. We found that W-rich 

films with an α-W(Zr) solid solution structure can be prepared in much wider range of the 

elemental composition (up to 24 at.% Zr) than indicated in the equilibrium W–Zr phase dia-

gram. These films exhibited an enhanced hardness (up to 16.1 GPa) and a reduced residual 

stress (down to -0.05 GPa). Amorphous W–Zr films with a very low surface roughness (down 

to 0.4 nm) and metallic glass features were prepared with the Zr content between 33 and 

83 at.%. The hardness of these films gradually decreased with increasing Zr content due to 

reducing average bond energy. All films were in the compressive state in contrast to the crys-

talline ones. The structure of crystalline Zr-rich films with higher than 88 at.% Zr was predom-

inantly dual-phased exhibiting a gradual transition from a metastable β-Zr(W) solid solution 

(86 – 96 at.% Zr) through a metastable ω-Zr(W) solid solution (94 – 100 at.% Zr) to the ther-

modynamically stable α-Zr phase (99 – 100 at.% Zr) with increasing Zr (decreasing W) content. 

We also observed the formation of dual-phase glassy-crystalline structures in the transition 

zones between fully crystalline and glassy films. 

 

Keywords: W–Zr; Thin film; Metastable structure; Metallic glass; Magnetron sputtering 
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1. Introduction 

Metastable solid materials such as amorphous or nanocrystalline alloys, supersaturated solid 

solutions or high-temperature or high-pressure phases persisting at normal conditions, are of 

great interest due to a possibility to explore novel structures with unknown properties. These 

materials are kinetically determined and can be therefore synthesized only by non-equilibrium 

processes. Magnetron sputtering is thus a suitable technique for their preparation as thin films.   

In the last years, the development of Zr-based alloys in a form of thin films has received much 

attention due to the unique properties of these films, such as high hardness, low wear and high 

corrosion resistance, antimicrobial activity and biocompatibility [1–5]. On the other hand, tung-

sten exhibits even higher hardness, high thermal conductivity and has the highest melting point 

of all metals (3422 °C) [6–8]. Therefore, its combination with Zr or Zr-based alloys might be 

an effective way how to further enhance the mechanical, thermal and functional properties. 

It is well known that the elemental zirconium crystallizes in a hexagonal close-packed structure 

(α-Zr phase) with a P63/mmc space group at ambient conditions. This structure transforms to a 

body-centered cubic structure (β-Zr phase) with an Im3m space group at a temperature of 

863 °C at atmospheric pressure. The α phase can be also transformed into another hexagonal 

structure (ω-Zr phase) with a P6/mmm space group, which is known as the high-pressure phase 

occurring at pressures of 2.2 – 4.5 GPa at ambient temperature [9–13]. The elemental tungsten 

crystallizes in a body-centered cubic structure (α-W phase) with an Im3m space group at am-

bient conditions. This space group is identical to that of the β-Zr phase. Tungsten can also 

crystallize in a simple cubic structure (β-W phase) with a Pm-3m space group, which is also 

known as the metastable A-15 cubic phase. It was found that the formation of the β-W phase 

strongly depends on the concentration of impurities or deposition parameters [14–16]. The mu-

tual solid solubility of Zr in α-W and W in α-Zr is negligible at ambient temperature according 

to the equilibrium W–Zr phase diagram [17]. The solubilities increase with increasing temper-

ature and reach maxima of 3.56 at.% Zr in α-W at a peritectic temperature of 2160 °C and 

3.98 at.% W in β-Zr at a eutectic temperature of 1739 °C. Besides, one intermetallic W2Zr phase 

exists in the narrow window of the elemental composition (33 – 35 at.% Zr). This phase de-

composes peritectically at 2160 °C [18–20]. 

As far as we know, only a few studies have focused on investigation of magnetron sputtered 

W–Zr alloys and mostly examined only a few material properties in a certain range of the ele-

mental composition [21–23]. This paper is, therefore, focused on the W–Zr thin-film alloys 
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prepared in a very wide composition range (3 – 99 at.% Zr) with the aim to identify structures 

and phases, including metastable ones, that can be prepared by non-equilibrium process of mag-

netron sputtering, and to characterize their structure, microstructure, surface morphology, me-

chanical properties and electrical resistivity in detail. 

 

2. Experimental details 

Binary W–Zr films were prepared by non-reactive dc magnetron sputtering in a sputter system 

(ATC 220-V, AJA International). The vacuum chamber was pumped down to a base pressure 

lower than 5 × 10-5 Pa before each deposition by a turbomolecular pump (1200 l/s), which was 

backed up with a multi-stage roots pump (23 m3/h). The depositions were carried out in argon 

atmosphere at a pressure of 0.533 Pa. The thickness of all deposited films was around 2 µm. 

Two independent unbalanced magnetrons with indirectly cooled circular targets with 50.8 mm 

in diameter were used for the depositions. One was equipped with the W target (99.95 % purity) 

and the other one with the Zr target (99.7 % purity). Both magnetrons were powered by dc 

power supplies (Pinnacle plus+ 5kW, Advanced Energy and DCXS–750–4, AJA).  The films 

were deposited onto Si(100) substrates, which were ultrasonically pre-cleaned in isopropyl al-

cohol. The substrates were held at a floating potential without any external heating. The target-

to-substrate distance was set to 150 mm and the substrates were rotated with a constant speed 

of 40 rpm.  

The deposition rate was measured before each deposition by a quartz crystal deposition rate 

monitor (SQM-160, Inficon). The ratio of the deposition rates of W and Zr corresponding to a 

particular elemental composition of the films was then used for the determination of the ratio 

of the powers delivered to the targets with the effort to keep a maximum value of 260 W at one 

of the targets to achieve a deposition rate as high as possible.   

The elemental composition of the films was measured by energy dispersive spectroscopy (EDS, 

Thermo Scientific UltraDry) in a scanning electron microscope (Su-70, Hitachi) with the pri-

mary electron energy of 15 kV. For the quantitative analysis, Zr and W bulk standards were 

used. Electron microscopy with the same primary electron energy was also used to take cross-

sectional images of the films. For the cross-section imaging, the films on the Si substrate were 

fractured at ambient conditions.  
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The structure of the films was characterized by glancing incidence X-ray diffraction (GIXRD) 

using a diffractometer (X’Pert PRO MPD, PANalytical) working with a CuKα (λ = 

0.154187 nm) radiation at a glancing angle of 2°. The tube was operating under an accelerating 

voltage of 40 kV with a tube current of 40 mA. Continuous scan was done with a scan step size 

of 0.05° and time per step 3 s in the 2θ range of 20 – 80°. The data evaluation was performed 

with a PANalytical software package HighScore Plus. The influence of the instrument on dif-

fraction peaks broadening was evaluated using an NIST powder standard LaB6.  

The hardness of the films was determined from load vs. displacement curves measured in air at 

ambient temperature by a nanoindenter (TI 950 Triboindenter, Hysitron) with the Berkovich 

diamond tip. The indentation depth was in all measurements lower than 10% of the film thick-

ness with a loading force of 10 mN. A microindenter (H100 microindenter, Fischerscope) with 

the Vickers diamond tip and a loading force of 300 mN was used in case of an amorphous W–

Zr film to create an indentation imprint with easily recognizable shear bands.   

To determine the film thickness and its curvature, a profilometer (Dektak 8 Stylus Profiler, 

Veeco) was used. The measurements were carried out on the Si substrates coated with the film. 

The residual stress was determined using modified Stoney’s formula.  

The arithmetic average surface roughness and surface morphology of the W–Zr films were 

measured by atomic force microscopy (SmartSPM, AIST-NT) on a characteristic 5 × 5 µm2 

area of the film. The microscope was equipped with a silicon tip with a nominal radius of 10 nm 

and worked in a tapping semi-contact mode.  The same configuration was also used for a de-

tailed examination of the indentation imprint.  

The electrical resistivity of the films on the Si substrate at room temperature was analyzed by 

the standard four-point method with a Keithleys system with a spacing between used head’s 

tips of 1.047 mm. The electrical resistivity of all films was much lower than that of the Si(100) 

substrate (7.3 × 10-3 Ωm) used. The measurement of each sample was performed twice. Before 

the second measurement, the specimen was 90° rotated to eliminate the possibility of a different 

electrical resistivity for different directions. 

 

3. Results and discussion 

This section is divided into five subsections, where the effect of a gradual substitution of Zr for 

W on the properties of as-deposited W–Zr films is discussed. The first subsection presents the 
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elemental composition of the films as a function of the ratio of the deposition rates. The second 

one focuses on the evolution of the structure and structural characteristics with increasing Zr 

content. In the third one, the evolution of the microstructure, surface morphology and surface 

roughness is discussed with respect to the occurrence of individual metastable structures. The 

fourth subsection presents the hardness and residual stress of the films and the last one focuses 

on their electrical resistivity. 

 

3.1. Elemental composition 

The elemental composition of the W–Zr films, presented in Fig. 1, was gradually varied by 

controlling the ratio of the deposition rates, aD
W/aD

Zr, from the W and Zr targets (see Experi-

mental for more details). The total deposition rate in the film series ranged between 13.5 and 

28 nm/min depending on the target power conditions. A large number of films were prepared 

in a very wide range of the composition from 3 to 99 at.% Zr. In addition, pure W and Zr films, 

which we used as reference samples, were also deposited. From Fig. 1 it can be observed that 

a W–Zr film with 50 at.% Zr and W (an intersection of the curves) is prepared at aD
W/aD

Zr = 

0.58. This value does not exactly correspond to the ratio of the molar volumes of Zr 

(14.02 cm3/mol) and W atoms (9.47 cm3/mol) as we observed, for instance, for binary Zr–Cu 

films [24]. This discrepancy is more pronounced for higher aD
W/aD

Zr ratios and can be attributed 

to the same effect that we observed in case of ternary Zr–Hf–Cu films with heavy Hf [25]. 

During sputtering, Ar ions attracted to and impacted on the W target with a high atomic mass 

are neutralized and backscattered towards the substrate with high energies causing preferential 

resputtering of lighter Zr atoms from the growing film. Another effect can be also taken into 

consideration. As the fluxes of sputtered Zr and W atoms from the inclined magnetrons encoun-

ter each other in front of the substrate, lighter Zr atoms can be scattered by heavier W atoms 

away from the substrate. Both effects can contribute to an enriched composition of the films in 

W than expected from the ratio of the molar volumes. 
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Fig. 1. Dependence of the elemental composition of W–Zr films on the aD
W/ aD

Zr ratio of the deposi-

tion rates. 

 

3.2 Structure 

The structure of the as-deposited W–Zr films with a varying Zr content was analyzed by 

GIXRD (Fig. 2). As can be seen in Fig. 2a, the structure of the pure W film with 0 at.% Zr is 

crystalline corresponding to the body-centered cubic (bcc) α-W phase (PDF Card No. 00-004-

0806). An addition of up to 24 at.% Zr does not change the bcc lattice type, but it leads to the 

formation of an α-W(Zr) solid solution. A gradual substitution of larger Zr (1.55 Å) for smaller 

W atoms (1.35 Å) in the bcc lattice of α-W results in a gradual shift of the maxima of the 

diffraction peaks to lower 2θ angles (see Fig. 2a). 

The film with 28 at.% Zr is characterized by the transition between a crystalline and amorphous 

structure. Its XRD pattern consists of sharp α-W(Zr) diffraction peaks and a broad amorphous 

hump at a 2θ position of about 39°, which is overlapped by one of the diffraction peaks. An 

addition of Zr in a wide range of 33 to 83 at.% leads to a fully amorphous structure of the films 

(Fig. 2b). Then, one can observe that the films with 86 and 88 at.% Zr are no longer fully 

amorphous and lie in the transition zone between an amorphous and crystalline structure. They 

contain a crystalline phase corresponding to a β-Zr(W) solid solution with diffraction peaks 

slightly shifted to higher 2θ angles compared to the pure bcc β-Zr phase (PDF Card No. 00-34-

0657). This is caused by an incorporation of W into the β-Zr lattice. Concurrently, they are still 

characterized by an amorphous hump (light green curves in Fig. 2c) at a 2θ position of about 

36°. Its intensity, however, decreases with increasing Zr content. 

In case of the film with 94 at.% Zr, the structure is crystalline consisting of β-Zr(W) and ω-

Zr(W) solid solutions. Analyzing the XRD pattern, we found that β-Zr(W) appears to be a major 
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phase in this film and diffraction peaks, especially for the ω-Zr(W) phase, are shifted to higher 

2θ angles compared to the pure bcc β-Zr phase and the hexagonal close-packed (hcp) ω-Zr 

phase (PDF Card No. 04-004-5067). The structure of the film with 96 at.% Zr is of the same 

phase composition, but with the dominant ω-Zr(W) phase in this case. The film with 98 at.% 

Zr then exhibits a crystalline structure containing the ω-Zr(W) phase only. Further increase of 

the Zr content to 99 at.% leads to the formation of the hcp α-Zr phase (PDF Card No. 00-05-

0665) in addition to the major ω-Zr(W) phase. Finally, an XRD pattern of the pure Zr film 

(100 at.% Zr) is characterized by an appearance of diffraction peaks that can be assigned to the 

α-Zr phase with a trace amount of the ω-Zr phase.  

 

Fig. 2. XRD patterns of as-deposited W–Zr films divided into three groups: (a) crystalline W-rich 

films with α-W(Zr) solid solution structure, (b) amorphous films, and (c) crystalline Zr-rich films with 

Zr(W) solid solution structures. 

 

The effect of the elemental composition on the phase composition of the W–Zr films is sum-

marized in Table 1, where the dominant (major) phase is first in the order. Since we were not 

able to decide which phase is dominant in the case of a crystalline-amorphous structure, so the 

crystalline phase is always listed first there. 

We can conclude that a gradual addition of Zr leads to the formation of several metastable 

structures in magnetron sputtered W–Zr films. The W-rich films (≤ 24 at.% Zr) are single-phase 

materials with the supersaturated α-W(Zr) solid solution structure. The composition range of 

the solid solution is significantly wider than indicated in the equilibrium W–Zr phase diagram 
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[17]. The W–Zr films are also prepared as single-phase materials with a fully amorphous struc-

ture and metallic glass features (shown later) in the very wide range of the Zr content between 

33 and 83 at.%. Let us note that all these observations are in a very good agreement with those 

reported by Horwat et. al [23] for W–Zr films investigated in the range of 19 – 57 at.% Zr. 

The Zr-rich films (> 88 at.% Zr) are predominantly dual-phase crystalline materials exhibiting 

a gradual transition of the structure type from β-Zr through ω-Zr to α-Zr with increasing Zr 

(decreasing W) content. The high-temperature β-Zr and high-pressure ω-Zr structures are met-

astable at normal conditions. The formation of the β-Zr(W) and ω-Zr(W) solid solutions in the 

W–Zr films is thus initiated by the non-equilibrium process of magnetron sputtering that gen-

erates high temperatures and high pressures at the atomic scale [26]. In addition, the formation 

of the β-Zr(W) solid solution at a higher W incorporation is attributed to the same crystal struc-

ture of β-Zr and α-W (the Im3m space group). The stabilization of the high-temperature β-Ti 

phase by a W incorporation has also been reported by Musil et al. [27]. A lower incorporation 

of smaller W atoms then favors the ω-Zr(W) structure via the generation of compressive lattice 

stress fields. In addition to these results, we also identified transition zones where the dual-

phase crystalline-amorphous structures are evolved, see the phase composition for 28 and 

83 – 86 at.% Zr. 

 

Tab. 1. Phase composition of prepared W–Zr films. 

Zr content 

(at. %) 

Phase composition 

0 

3 – 24 

α-W 

α-W(Zr) 

28 α-W(Zr) + amorphous 

33 – 83 amorphous 

86 – 88 

94 

96 

98 

99 

100 

β-Zr(W) + amorphous 

β-Zr(W) + ω-Zr(W) 

ω-Zr(W) + β-Zr(W) 

ω-Zr(W) 

ω-Zr(W) + α-Zr(W) 

α-Zr + ω-Zr 

 

 



54 

 

In addition to the phase composition identification, we also carried out a more detailed struc-

tural analysis of the W–Zr films. The evolution of the strain-free lattice parameter a with in-

creasing Zr content for the films with the bcc lattices is shown in the upper panel of Fig. 3. The 

lattice parameter was calculated from the positions of diffraction peaks measured by GIXRD, 

where diffracting planes make angles ψ = θ – γ with the flat film surface (θ is the Bragg angle 

and γ is the angle of incidence of the primary beam).  

In materials with a cubic crystal lattice being under uniaxial residual stress, the lattice parameter 

a depends linearly on sin2ψ [28,29]: 

 𝑎 =  𝑎⊥ + (𝑎∥ − 𝑎⊥) sin2 𝜓, (1) 

where a║ and a┴ are the in-plane lattice parameter (ψ = 90°) and the lattice parameter normal to 

the sample surface (ψ = 0°), respectively. They can be employed for the calculation of the strain-

free lattice parameter a0 if Poisson’s ratio ν of the material is known [28]: 

 
𝑎0 = 𝑎⊥ +

2𝜈

𝜈 + 1
(𝑎∥ − 𝑎⊥). (2) 

 

In our case, ν = 0.28 [30] was used for the evaluation of the W-rich films with the bcc α-W(Zr) 

structure and ν = 0.34 [31] for the Zr-rich films with the bcc β-Zr(W) structure. 

As you can see in Fig. 3, the strain-free lattice parameters gradually increase with increasing Zr 

content, which results from the shift of diffraction peaks in Fig. 2 and can be explained by the 

fact that the larger Zr atoms gradually substitute the smaller W atoms in the α-W lattice and 

vice versa in the β-Zr one. These dependences are linear and can be described by Vegard’s law 

for substitutional solid solutions [32]. The strain-free lattice parameters in Fig. 3 are shown only 

for the bcc lattices of the α-W(Zr) and β-Zr(W) structures, both with the Im3m space group. In 

case of the α-Zr(W) and ω-Zr(W) phases with the hcp lattices, the determination of the strain-

free lattice parameters is more complicated and have not been done. 

From the position of the maximum of the amorphous humps, the evolution of the distance be-

tween nearest-neighbor atoms in the amorphous matrix with increasing Zr content can be eval-

uated [33], see the bottom panel of Fig. 3. Similarly to the evolution of the strain-free lattice 

parameter, the nearest-neighbor distance linearly increases with increasing Zr content from 33 

up to 83 at.% Zr due to the same effect of the gradual substitution of larger Zr atoms for smaller 

W atoms in the film structure. In addition, the values of the nearest-neighbor distance in the 
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pure W and Zr films can be obtained by extending the fitted dash line in Fig. 3. It is seen that 

these values are very close to the distance of the nearest Zr atoms (3.1 Å) and W atoms (2.7 Å) 

in their crystalline lattices. 

  

Fig. 3. Evolution of the lattice parameters (upper panel) of W–Zr films with the bcc Im3m lattices and 

the nearest-neighbor distance (bottom panel) of amorphous W–Zr films with increasing Zr content.   

 

Fig. 4 presents the Williamson-Hall plot of the pure W film and of two representative W-rich 

films with the α-W(Zr) solid solution structure, which is a classical method to obtain a quanti-

tative information on the average crystallite size and microstrain from the peak broadening. 

Williamson and Hall [34–35] assumed that both size and strain broadened profiles are Lo-

rentzian so the crystallite size and microstrain contributions to peak broadening are independent 

of one another and are additive. Based on this assumption, a mathematical relation was estab-

lished between the peak breadth B, average crystallite size D and the microstrain ε as follows: 

 𝐵 cos 𝜃

𝜆
=  

1

𝐷
+ 2𝜀 (

2 sin 𝜃

𝜆
). (3) 

By plotting  
𝐵 cos 𝜃

𝜆
  versus  

2 sin 𝜃

𝜆
  and fitting the data with a linear function, ε can be estimated 

from the slope of the straight line and D from the ordinate intercept. 
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From Fig. 4 it is seen that all straight lines have high slopes (the scale of the vertical axis is of 

the order of 103) implying that the microstrain has a dominant effect on the broadening of the 

diffraction peaks. The value of the microstrain ranges between 0.30 – 0.35 % for the films with 

0 – 24 at.% Zr and does not show an apparent dependence on the Zr content. Such high values 

of the microstrain in the as-deposited W-rich films are probably caused by the high melting 

point of W (3422 °C), which prevents the relaxation of defects during the deposition at ambient 

temperature.  

Since the straight lines intersect the vertical axis close to the origin, the size of the crystallites 

in the films will be unrealistically high. This is because the broadening of the diffraction peaks 

caused by the crystallites themselves is much smaller than the broadening caused by the instru-

ment used (determined using the LaB6 standard). In other words, we can only state that the 

crystallite size in the films is higher than ≈ 100 nm, which is the upper limit that can be deter-

mined using our GIXRD. Hence, the Scherrer formula cannot be used either, because the mi-

crostrain cannot be neglected. One should always be careful to use the Scherrer formula if the 

effect of the microstrain on the peak broadening has not been evaluated. 

 

Fig. 4. Williamson-Hall plots of selected W–Zr films with an α-W(Zr) solid solution structure (0, 9 

and 24 at.% Zr). 

 

3.3 Microstructure and surface morphology 

The microstructure of the W–Zr films in cross-sections was examined by SEM in the mode of 

secondary electrons. Fig. 5 shows the corresponding micrographs for a varying Zr content. It 

can be seen that the pure W film and the W-rich films with the α-W(Zr) structure (left column 

in Fig. 5) exhibit a fully developed columnar microstructure without any distinct voids and with 

a column height comparable to the film thickness. From the micrograph of the film with 28 at.% 
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Zr (bottom middle in Fig. 5), it is apparent that its microstructure consists of both an amorphous 

and crystalline phase. This observation is in good agreement with the results obtained by 

GIXRD as discussed above (Fig. 2a). An examination of this dual-phase structure revealed that 

the crystalline part is columnar, without distinguishable voids between the columns, forming 

conical domains that are surrounded by an amorphous phase with vein-like patterns. The coni-

cal domains have their axes perpendicular to the film surface and the apex at or close to the 

substrate surface. The vein-like features, which are typical for the metallic glasses, are created 

during the breaking of the sample and are caused by an inhomogeneous distribution of plastic 

deformation and the formation of shear bands. More detailed investigation of this film with a 

dual-phase glassy-crystalline structure has been published in our very recent short communica-

tion [36]. As you can see in the middle column in Fig. 5, the microstructure of the fully amor-

phous W–Zr films exhibits in all cases a vein-like pattern and/or striations proving that these 

films are the metallic glasses. Other features related to the metallic glasses, known as shear 

bands, will be shown in Fig. 9. The film with 86 at.% Zr (bottom right in Fig. 5), consisting of 

the crystalline β-Zr(W) solid solution and amorphous structure, is characterized by a combina-

tion of a columnar microstructure and vein-like pattern. While the columns are more clearly 

visible near the surface, the vein-like features are more pronounced in the rest of the film. The 

films with 94 – 100 at.% Zr in the right column in Fig. 5 then represent materials with a well-

developed columnar microstructure and a different amount of ω-Zr(W) phase in their structure. 

In case of the film with 94 at.% Zr, a small amount of an amorphous phase near the substrate 

still cannot be ruled out. It is seen that the film with the single-phase ω-Zr(W) structure (98 at.% 

Zr) exhibits clearly distinguishable V-shaped columns being sticking to each other. The col-

umns width increases with the film thickness and is larger than in the case of the pure Zr film 

(top right in Fig. 5) with the nearly single-phase α-Zr structure. Note that this observation can 

be related to approximately opposite dimensions of the lattice parameters of the hcp lattices of 

α-Zr and ω-Zr. 
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Fig. 5. Microstructure of W-rich films with an α-W(Zr) solid solution structure (green frame), amor-

phous W–Zr films (dark grey frame) and Zr-rich films with a β-Zr(W) (orange frame), ω-Zr(W) (blue 

frame) or α-Zr (red frame) solid solution structures or their combinations. 

 

The evolution of the surface morphology and the arithmetic average surface roughness with 

increasing Zr content in the W–Zr films is shown in Fig. 6 and Fig. 7, respectively. The surface 



59 

 

morphology reflects the microstructure of the films in their cross-section presented in Fig. 5. It 

is evident that the surface morphology of all W-rich films with the α-W(Zr) structure (left col-

umn in Fig. 6) is very similar consisting of rather rounded facets. The surface roughness of 

these films increases with increasing Zr content from 7.0 to 12.4 nm and is significantly higher 

than that of the amorphous films (compare left and middle column in Fig. 6). Such a smooth 

surface with the surface roughness down to 0.4 nm is typical for the metallic glasses, which 

provides further indication that the amorphous W–Zr films discussed in this paper are the me-

tallic glasses. The film with 28 at.% Zr then represents a film with a dual glassy-crystalline 

structure with a surface roughness of 0.2 nm for the amorphous and 10.0 nm for the crystalline 

part. On the other hand, the combination of the amorphous and crystalline β-Zr(W) structure in 

case of the Zr-rich film with 86 at.% Zr leads to a uniform surface morphology with a surface 

roughness of 4.7 nm.  The surface morphology of the film with 94 at.% Zr is more diverse 

consisting of a combination of higher and lower sharp peaks, which can be well ascribed to the 

presence of two different phases, β-Zr(W) and ω-Zr(W). From the surface morphology of the 

film with the pure ω-Zr(W) phase (98 at.% Zr), it is obvious that the higher peaks originate 

from the ω-Zr(W) phase. This is proved also by a higher surface roughness of 28.0 nm for the 

film with 98 at.% Zr compared to 15.2 nm for the film with 94 at.% Zr (see Fig. 7). The surface 

morphology of the pure Zr film with the nearly single-phase α-Zr structure is similar to that of 

the film with the single-phase ω-Zr(W) structure, but the surface peaks are smaller and finer. 

This is in agreement with the narrower columns observed in the microstructure of this film. The 

surface roughness accordingly decreases to 16.9 nm. 
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Fig. 6. Surface morphology of W-rich films with an α-W(Zr) solid solution structure (green frame), 

amorphous W–Zr films (dark grey frame) and Zr-rich films with a β-Zr(W) (orange frame), ω-Zr(W) 

(blue frame) or α-Zr (red frame) solid solution structures or their combinations. 

 

 

Fig. 7. Surface roughness of W–Zr films. The grey area represents films with an amorphous structure. 
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3.4 Hardness and residual stress 

The effect of Zr content in the W–Zr films on the hardness is displayed in the upper panel of 

Fig. 8. As can be seen, an addition of Zr leads to an increase of the hardness from 12.7 GPa for 

the pure W film to an average value of about 15 GPa for the W-rich films with up to 24 at.% Zr 

and the α-W(Zr) structure (with a maximum value of 16.1 GPa at 7 at.% Zr corresponding to 

more than 25% hardness enhancement). This phenomenon is known as a solid-solution hard-

ening, where the addition of another soluble element (up to some certain amount) leads to an 

increase of the strength of the matrix [37]. As the amorphous or glassy phase is formed in the 

structure of the film, the hardness decreases approximately linearly down to 4.7 GPa. This can 

be explained by the fact that the substitution of Zr for W leads to a weaker covalent component 

of the metallic-covalent bonds, because the valence d-orbitals of Zr are less filled and overlap 

less than in the case of W. The weaker covalent bonds result in a lower bond energy and in turn 

in a lower hardness. It is, however, worth noting that the amorphous W–Zr films with metallic 

glass behavior can be formed with a high hardness up to 12.1 GPa (see the value for the film 

with 33 at.% Zr). An increase of Zr content above 86 at.% leads then to a slight increase in the 

hardness due to the formation of the crystalline β-Zr(W) phase at the expense of the amorphous 

one. It can be also seen that the films composed of a mixture of β-Zr(W) and ω-Zr(W) phases 

(94 at.% and 96 at.% Zr) exhibit the highest hardness (5.4 GPa) among the Zr-rich films. The 

hardness of the films with ω-Zr(W) or α-Zr phases or their mutual combination is slightly lower, 

ranging from 4.6 – 4.9 GPa.  

The bottom panel of Fig. 8 presents the values of residual stress of the W–Zr films. It is evident 

that all W-rich films with the α-W(Zr) solid solution structure (0 – 24 at.% Zr) exhibit low 

tensile or very low compressive stress with the values varying between 0.4 and -0.05 GPa. On 

the other hand, the films with a combination of the amorphous and crystalline (28 at.% Zr) 

structure or with the fully amorphous structure (33 – 83 at.% Zr) are in a compressive residual 

stress, which gradually decreases with increasing Zr content. The maximum value of the com-

pressive residual stress of -0.72 GPa was measured for the film with 40 at.% Zr. A minimum 

value of -0.16 GPa was then obtained in case of the film with 80 at.% Zr. The crystalline Zr-

rich films with the structure consisting of β-Zr(W), ω-Zr(W) or α-Zr phases or a combination 

thereof (86 – 100 at.% Zr) exhibit a tensile residual stress with a maximum value of 0.41 GPa 

(99 at.% Zr). 

Let us note that all W–Zr films were deposited on unbiased and unheated substrates. Therefore, 

hardness and residual stress are not optimized, but reflect the microstructure and characteristics 
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of individual metastable structures. 

 

Fig. 8. Hardness and residual stress of W–Zr films. The grey area represents films with an amorphous 

structure. 

 

A Vickers indent made on the amorphous film with 62 at.% Zr at a load of 300 mN was exam-

ined by atomic force microscopy (Fig. 9). As you can see, pile-ups developed around the indent 

upon the indentation contain shear bands that occur as a consequence of relieving of an accu-

mulated localized plastic stress. This is, along with the aforementioned vein-like patterns, stri-

ations and very smooth surface, further indication that the amorphous W–Zr films are certainly 

the metallic glasses.   

 

Fig. 9.  AFM image of an indent made at a load of 300 mN on an amorphous W–Zr film with 62 at.% 

Zr. 
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3.5 Electrical resistivity 

Fig. 10 presents the dependence of the electrical resistivity of the W–Zr films (measured at 

room temperature) on the Zr content.  The electrical resistivity of the pure W film is 0.8 × 10-7 

Ωm and increases (more steeply than what would correspond to a weighted average of pure W 

and pure Zr) with increasing Zr content for the W-rich films with the α-W(Zr) structure. It is 

about 5.6 × 10-7 Ωm for the films with 19 and 24 at.% Zr. Since the lattice microstrain does not 

show any increasing trend with the substitution of Zr for W (Subsection 3.2), the increase of 

the electrical resistivity is not related to structural lattice defects but rather to a change in the 

chemical composition. As Zr gradually substitutes W in the bcc lattice, the mean free path of 

conductive electrons (sitting in delocalized states with a high weight on s-orbitals) gets shorter 

because the corresponding electronic states get more localized. A further increase in the Zr 

content to 28 at.% Zr leads to a jump of the electrical resistivity to 13.3 × 10-7 Ωm, which 

corresponds to the transition of the structure from crystalline to partially or fully amorphous. 

All amorphous films (up to 80 at.% Zr) exhibit a very similar value of the electrical resistivity. 

A high disorder of the amorphous structure compared to the crystalline one leads to the free 

mean path of electrons as short as possible (approaching the interatomic distance), which in 

turn results in the highest values of the electrical resistivity (approaching the Ioffe-Regel limit) 

independent of the chemical composition.  A slightly lower value (around 10.5 × 10-7 Ωm) is 

measured for the film with 83 at.% Zr. In case of the crystalline Zr-rich films, we found that the 

electrical resistivity of the films with the dominant β-Zr(W) phase is slightly higher than that 

with the dominant ω-Zr(W) phase and that is comparable with that of the film with the dominant 

α-Zr phase. 

 

Fig. 10. Electrical resistivity of W–Zr films. The grey area represents films with an amorphous struc-

ture. 
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4. Conclusions  

Using the non-equilibrium process of non-reactive dc magnetron co-sputtering of Zr and W 

targets, we showed that different metastable structures can be prepared in the binary W–Zr 

system. The W–Zr thin-film alloys were deposited in a very wide composition range 

(3 – 99 at.% Zr) onto unheated and unbiased substrates and systematically characterized in the 

as-deposited state. 

W-rich films with up to 24 at.% Zr were prepared as single-phase crystalline materials with a 

supersaturated α-W(Zr) solid solution structure and columnar microstructure. A gradual substi-

tution of Zr for W in the bcc α-W lattice led to an increase of the hardness due to solid-solution 

hardening (up to 16.1 GPa), decrease of the residual stress (down to -0.05 GPa), and increase 

of the surface roughness (up to 12.4 nm) and the electrical resistivity (up to 5.6 × 10-7 Ωm) 

compared to a pure W film. An addition of 28 at.% Zr resulted in the formation of a dual-phase 

glassy-crystalline structure consisting of columnar conical crystalline domains of the α-W(Zr) 

structure surrounded by a W–Zr metallic glass. Fully amorphous W–Zr films with metallic glass 

features were prepared in a wide range of 33 – 83 at.% Zr. These films were characterized by a 

very low surface roughness (down to 0.4 nm), compressive stress (up to -0.72 GPa), composi-

tion-independent electrical resistivity (around 13 × 10-7 Ωm) and gradually decreasing hardness 

(from 12.1 to 4.7 GPa) due to reducing average bond energy. 

Further addition of Zr (≥ 86 at.%) led to a gradual vanishing of the amorphous W–Zr phase 

(86 – 88 at.% Zr) and to the formation of Zr-rich films with a predominantly dual-phase crys-

talline structure exhibiting a gradual transition from a metastable β-Zr(W) solid solution 

(86 – 96 at.% Zr) through a metastable ω-Zr(W) solid solution (94 – 100 at.% Zr) to the ther-

modynamically stable α-Zr phase (99 – 100 at.% Zr) with increasing Zr (decreasing W) content. 

The films with the dominant β-Zr(W) phase were observed to possess a slightly higher hardness, 

a lower surface roughness and a higher electrical resistivity compared to the films with the 

dominant ω-Zr(W) or α-Zr phases.  

The results obtained indicate that supersaturated solid solutions, metallic glasses, high-temper-

ature or high-pressure phases and their mutual mixtures can be prepared in magnetron sputtered 

W–Zr films. A crucial issue is also their thermal stability and oxidation resistance, which is a 

subject of our ongoing study.   
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IV Conclusions  

The Ph.D. thesis is devoted to thin-film alloys and non-oxide ceramics with amorphous or met-

astable crystalline structure. A systematic investigation of high-temperature behavior of binary 

Zr‒Cu, ternary Zr‒Hf‒Cu and quaternary Zr‒Hf‒Al/Si‒Cu TFMGs and senary Hf–B–Si–

Y/Ho–C–N ceramic films was carried out. Thin-film alloys from the binary W‒Zr system were 

prepared and characterized in detail. 

The main results can be summarized as follows: 

1) The crystallization and oxidation behavior of binary Zr54Cu46 and ternary Zr27Hf27Cu46 

thin-film metallic glasses were systematically investigated by differential scanning calo-

rimetry and high-resolution thermogravimetry, respectively, and the oxidation behavior 

was compared with that of a crystalline Zr54Cu46 thin-film alloy. It was found that the crys-

tallization of the Zr54Cu46 film takes place at a lower temperature and in two successive 

steps in contrast to the Zr27Hf27Cu46 film. The apparent activation energy Ea of the primary 

crystallization determined by non-isothermal kinetics using the Kissinger–Akahira–Sunose 

method is higher in the case of the Zr27Hf27Cu46 film for all conversion fractions α com-

pared to the Zr54Cu46 film (e.g. Ea = 279 kJ/mol vs. 230 kJ/mol for α = 0.5). This suggests 

that the crystallization process of the Zr27Hf27Cu46 film is more difficult and the film is 

more thermally stable than the Zr54Cu46 film. The onset of the oxidation of the crystalline 

Zr54Cu46 alloy, and the amorphous Zr54Cu46 and Zr27Hf27Cu46 metallic glasses is 355 °C, 

475 °C and 550 °C, respectively, upon the dynamical heating. The poorest oxidation re-

sistance in the case of the crystalline Zr54Cu46 film is caused by the presence of grain 

boundaries that serve as channels for fast interdiffusion of species. Since an amorphous 

structure is free of grain boundaries, the metallic glasses exhibit an enhanced oxidation 

resistance. Moreover, the substitution of Hf for Zr further improves the oxidation resistance 

because of the formation of more protective oxide surface layer. The oxidation behavior 

upon the isothermal annealing is governed by diffusion-controlled kinetics in the tempera-

ture range from 400 to 575 °C. The activation energy of the oxidation process determined 

from the Arrhenius equation for the parabolic oxidation rate constants is 112, 143 and 

208 kJ/mol for the crystalline Zr54Cu46 film, and the amorphous Zr54Cu46 and Zr27Hf27Cu46 

films, respectively. These results confirm that the most protective oxide layer is formed on 

the surface of the Zr27Hf27Cu46 film.  
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2) The effect of an addition of Al (up to 17 at.%) or Si (up to 12 at.%) into ternary Zr–Hf–Cu 

thin-film alloys on their thermal stability and oxidation resistance was investigated. All 

films were found to be amorphous in the whole studied range, but the glass transition was, 

however, recognizable only up to 12 at.% Al and 6 at.% Si. The increase of the Al and Si 

content led to an increase of the crystallization (up to 12 at.% Al and Si) and glass transition 

(up to 12 at.% Al and 6 at.% Si) temperature. This can be explained based on the increasing 

effect of a covalent component of the mixed metallic-covalent bonds between Al or Si and 

other elements of the films. In addition, a wider super-cooled liquid region was obtained 

for the Zr–Hf–Al–Cu metallic glasses, while a better oxidation resistance was achieved for 

the Zr–Hf–Si–Cu metallic glasses. 

3) Binary W–Zr thin-film alloys were deposited in a very wide composition range (3 – 99 at.% 

Zr) onto unheated and unbiased substrates and systematically characterized in the as-de-

posited state. Using the non-equilibrium process of non-reactive dc magnetron co-sputter-

ing of Zr and W targets led to the formation of different metastable structures in this system. 

W-rich films with up to 24 at.% Zr were prepared as single-phase crystalline materials with 

a supersaturated α-W(Zr) solid solution structure and columnar microstructure. A gradual 

substitution of Zr for W in the bcc α-W lattice led to an increase of the hardness due to 

solid-solution hardening (up to 16.1 GPa), decrease of the residual stress (down to -0.05 

GPa), and increase of the surface roughness (up to 12.4 nm) and the electrical resistivity 

(up to 5.6 × 10-7 Ωm) compared to a pure W film. An addition of 28 at.% Zr resulted in the 

formation of a dual-phase glassy-crystalline structure consisting of columnar conical crys-

talline domains of the α-W(Zr) structure surrounded by a W–Zr metallic glass. Fully amor-

phous W–Zr films with metallic glass features were prepared in a wide range of 

33 – 83 at.% Zr. These films were characterized by a very low surface roughness (down to 

0.4 nm), compressive stress (up to -0.72 GPa), composition-independent electrical resistiv-

ity (around 13 × 10-7 Ωm) and gradually decreasing hardness (from 12.1 to 4.7 GPa) due 

to reducing average bond energy. Further addition of Zr (≥ 86 at.%) led to a gradual van-

ishing of the amorphous W–Zr phase (86 – 88 at.% Zr) and to the formation of Zr-rich 

films with a predominantly dual-phase crystalline structure exhibiting a gradual transition 

from a metastable β-Zr(W) solid solution (86 – 96 at.% Zr) through a metastable ω-Zr(W) 

solid solution (94 – 100 at.% Zr) to the thermodynamically stable α-Zr phase (99 – 100 at.% 

Zr) with increasing Zr (decreasing W) content. The films with the dominant β-Zr(W) phase 
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were observed to possess a slightly higher hardness, a lower surface roughness and a higher 

electrical resistivity compared to the films with the dominant ω-Zr(W) or α-Zr phases.  

Investigation of the high-temperature behavior of the W–Zr thin-film alloys is now in 

progress and is beyond the scope of this Ph.D. thesis. 

4) Hard and optically transparent Hf7B10Si32C2N44, Hf6B12Si29Y2C2N45 and 

Hf5B13Si25Ho3C2N48 films are highly oxidation resistant in air at temperatures significantly 

exceeding 1000 °C and their amorphous structure is thermally stable in inert gasses up to 

approximately 1400 °C. It was found that the addition of 2 − 3 at.% of Y or Ho resulted in 

a lower thickness of the surface oxide layer and a stabilization of t-HfO2 phase upon oxi-

dation to 1500 °C. There were no mass changes up to 1300 °C for the Hf7B10Si32C2N44 and 

Hf5B13Si25Ho3C2N48 films and even up to 1350 °C for the Hf6B12Si29Y2C2N45 film upon 

annealing in helium. The hardness of all films increased with increasing annealing temper-

ature up to 1100 °C and the films were still optically transparent. In case of the 

Hf6B12Si29Y2C2N45 film, the hardness increased even up to 1300 °C and the film remained 

optically transparent up to 1400 °C. The transformation of the amorphous structure to the 

crystalline one starts in all cases around 1400 °C. SEM imaging revealed that the crystalli-

zation of all films was initiated at the film/substrate interface when the films were annealed 

on the Si or SiC substrate. The lowest thickness of the crystallizing zone was observed for 

the Hf6B12Si29Y2C2N45 film confirming its highest thermal stability among the films inves-

tigated. The results achieved suggest that the addition of Y has the most positive effect on 

the high-temperature behavior and the Hf6B12Si29Y2C2N45 film might be a good candidate 

for a potential use as high-temperature protective coating of optical or optoelectronic de-

vices. 
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Abstract 

This Ph.D. thesis reports on investigation of the high-temperature behavior of binary Zr‒Cu, 

ternary Zr‒Hf‒Cu and quaternary Zr‒Hf‒Al/Si‒Cu TFMGs and senary Hf–B–Si–Y/Ho–C–N 

ceramic films, and on preparation and characterization of thin-film alloys from the binary W‒

Zr system. 

Chapter I is devoted to a general introduction. In Chapter II, the aims of the thesis are defined. 

Chapter III, which is the main part of the Ph.D. thesis, is devoted to the results achieved during 

my study. The chapter is composed of four papers published in international journals (Parts A, 

B, D and E) and one draft of the paper submitted for publication in international journal (Part 

C). 

A The crystallization and oxidation behavior of binary Zr54Cu46 and ternary Zr27Hf27Cu46 

thin-film metallic glasses was investigated by differential scanning calorimetry and high-

resolution thermogravimetry, respectively, and the oxidation behavior was compared with 

that of a crystalline Zr54Cu46 thin-film alloy. The activation energy of the crystallization 

was obtained by the Kissinger–Akahira–Sunose method. The results show that the activa-

tion energy of the Zr27Hf27Cu46 film was higher for all conversion fractions. This indicates 

that the substitution of Hf for Zr enhances the thermal stability of the glassy state. Consid-

erable attention was also paid to the isothermal oxidation behavior of the amorphous and 

crystalline Zr54Cu46, and amorphous Zr27Hf27Cu46 films. The activation energy of the oxi-

dation process determined by the Arrhenius equation for the oxidation rate constants was 

found to be the highest for the Zr27Hf27Cu46 film, which indicates that its surface oxide 

layer is a more effective barrier against the diffusion of species. 

B The effect of an addition of Al (up to 17 at.%) or Si (up to 12 at.%) into the ternary Zr–Hf–

Cu thin-film alloys on their thermal behavior and oxidation resistance was systematically 

investigated. All Zr–Hf–Al/Si–Cu films exhibited an X-ray amorphous structure, but the 

glass transition was recognized only in the case of films containing up to 12 at.% Al or 

6 at.% Si. The addition of Al or Si enhances the thermal stability of their amorphous state. 

This may be explained by an increase of a covalent component of the mixed metallic-co-

valent bonds with increasing the Al and Si content. Moreover, the Zr–Hf–Al–Cu metallic 

glasses exhibit a wider super-cooled liquid region, while the Zr–Hf–Si–Cu metallic glasses 

are more oxidation resistant. 
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C The effect of the elemental composition of binary W–Zr thin-film alloys on the formation 

of different structures and phases was studied in a very wide range of 3 – 99 at.% Zr. The 

microstructure and properties of the films were related to the individual metastable struc-

tures prepared. We found that W-rich films with an α-W(Zr) solid solution structure can be 

prepared in much wider range of the elemental composition (up to 24 at.% Zr) than indi-

cated in the equilibrium W–Zr phase diagram. They exhibited an enhanced hardness (up to 

16.1 GPa) and a reduced residual stress (down to -0.05 GPa). Amorphous W–Zr films with 

a very low surface roughness (down to 0.4 nm) and metallic glass features were prepared 

with the Zr content between 33 and 83 at.%. The hardness of these films gradually de-

creased with increasing Zr content due to reducing average bond energy. All films were in 

the compressive state in contrast to the crystalline ones. The structure of crystalline Zr-rich 

films with higher than 88 at.% Zr was predominantly dual-phased exhibiting a gradual 

transition from a metastable β-Zr(W) solid solution (86 – 96 at.% Zr) through a metastable 

ω-Zr(W) solid solution (94 – 100 at.% Zr) to the thermodynamically stable α-Zr phase 

(99 – 100 at.% Zr) with increasing Zr (decreasing W) content. We also observed the for-

mation of dual-phase glassy-crystalline structures in the transition zones between fully 

crystalline and glassy films. 

D Self-formation of a unique dual glassy-crystalline structure in binary W–Zr system was 

observed for a film with 28 at.% Zr prepared by magnetron co-sputtering. The film is com-

posed of conical columnar domains of α-W(Zr) solid solution structure surrounded by fea-

tureless areas corresponding to a W–Zr metallic glass. The conical domains have their axes 

perpendicular to the film surface. Most of the domains have the apex at or close to the 

substrate surface, which corresponds to the point of primary nucleation. The surface ratio 

of glassy and crystalline phase (bases of the cones) is dependent on the film thickness. The 

dual structure is prepared in a very narrow window of the elemental composition. We sup-

pose that the specific elemental composition and the diffusivity or mobility of sputtered 

adatoms are crucial for the self-formation of the dual structure. 

E Hard and optically transparent amorphous Hf7B10Si32C2N44, Hf6B12Si29Y2C2N45 and 

Hf5B13Si25Ho3C2N48 films were examined for the oxidation resistance in air and thermal 

stability in inert gasses up to 1600 °C. A thermal evolution of their structure, hardness and 

optical properties was also studied. An addition of Y or Ho (2 – 3 at.%) into Hf–B–Si–C–

N films leads to a stabilization of tetragonal HfO2 in a surface oxide layer upon oxidation. 

The thickness of this layer is the lowest for the Y addition. Upon annealing in He, no mass 
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changes are detected up to 1315 °C and this temperature is shifted even to 1350 °C for the 

Hf6B12Si29Y2C2N45 film. The hardness of this film is enhanced from 22.2 GPa in the as-

deposited state to 25.9 GPa after annealing to 1300 °C and the film retains its optical trans-

parency up to 1400 °C. The crystallization of the amorphous structure occurs at around 

1400 °C. 

Chapter IV consists of the conclusions of the Ph.D. thesis. Chapter V lists further publications 

of the candidate. 
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Resumé 

Disertační práce se zabývá vyšetřováním vysokoteplotního chování binárních Zr‒Cu, ternár-

ních Zr‒Hf‒Cu a kvaternárních Zr‒Hf‒Al/Si‒Cu tenkovrstvých kovových skel a víceprvko-

vých keramických vrstev Hf–B–Si–Y/Ho–C–N a také přípravou a charakterizací tenkovrstvých 

slitin W–Zr.  

Kapitola I je věnována obecnému úvodu. V kapitole II jsou definovány cíle disertační práce. 

Kapitola III, která je hlavní částí této práce, je věnována výsledkům získaným během doktor-

ského studia. Kapitola se skládá ze čtyř článků publikovaných v mezinárodních časopisech 

(části A, B, D a E) a jednoho konceptu vědeckého článku připraveného k publikaci (část C). 

A Krystalizační a oxidační chováni binárních Zr54Cu46 a ternárních Zr27Hf27Cu46 tenkovrs-

tvých kovových skel bylo vyšetřováno pomocí diferenciální skenovací kalorimetrie a ter-

mogravimetrie. Oxidační chování těchto vrstev bylo dále porovnáno s oxidačním chová-

ním krystalických tenkovrstvých slitin Zr54Cu46. Pro výpočet aktivační energie krystalizace 

byla použita metoda Kissinger–Akahira–Sunose. Bylo zjištěno, že aktivační energie vrstvy 

Zr27Hf27Cu46 je vyšší pro všechny stupně konverze, což naznačuje, že substituce Hf za Zr 

vede ke zvýšení teplotní stability skelného stavu. Značná pozornost byla věnována také 

izotermickému oxidačnímu chování amorfní a krystalické vrstvy Zr54Cu46 a amorfní vrstvy 

Zr27Hf27Cu46. Aktivační energie oxidace, která byla určena z Arrheniovy rovnice pro vý-

počet rychlostní konstanty oxidace, byla nejvyšší v případě vrstvy Zr27Hf27Cu46. To zna-

mená, že oxidová vrstva vytvořená během ohřevu na povrchu vrstvy Zr27Hf27Cu46 slouží 

jako nejúčinnější ochranná bariéra zabraňující difúzi částic z námi vyšetřovaných vrstev. 

B V této části byl vyšetřován vliv přidání Al (až 17 at.%) nebo Si (až 12 at.%) do ternárních 

tenkovrstvých slitin Zr–Hf–Cu na jejich teplotní chování a oxidační odolnost. Všechny 

připravené vrstvy Zr–Hf–Al/Si–Cu měly amorfní strukturu, ale teplota skelného přechodu 

byla rozpoznána pouze v případě vrstev do 12 at.% Al nebo 6 at.% Si. Bylo pozorováno, 

že přidání Al nebo Si do vrstev Zr–Hf–Cu vede ke zvýšení jejich teplotní stability. To lze 

vysvětlit zvyšujícím se podílem kovalentní složky ve smíšené kovalentně-kovové vazbě 

v důsledku zvyšování obsahu Al a Si ve vrstvách. Dále bylo pozorováno, že přidání Al 

do kovových skel Zr–Hf–Cu vede k rozšíření oblasti přechlazené kapaliny a přidání Si 

ke zlepšení oxidační odolnosti kovových skel Zr–Hf–Cu. 
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C Vliv prvkového složení binárních tenkovrstvých slitin W–Zr na vytvoření rozdílných struk-

tur a fází ve vrstvách byl studován ve velmi širokém rozsahu složení (3 – 99 at.% Zr). Byl 

diskutován vliv jednotlivých metastabilních fází na výslednou mikrostrukturu a vlastnosti 

vrstev. Bylo zjištěno, že struktura vrstev s vysokým obsahem W (až do 24 at.% Zr) je tvo-

řena tuhým roztokem α-W(Zr). Tyto vrstvy vykazují zvýšenou tvrdost (až 16,1 GPa) a 

nízkou hodnotu zbytkového pnutí (až -0,05 GPa). Amorfní vrstvy W–Zr s velmi nízkou 

drsností povrchu (až 0,4 nm) a charakteristickými vlastnostmi kovových skel byly připra-

veny v případě obsahu Zr mezi 33 a 83 at.%. Tvrdost těchto vrstev se s rostoucím obsahem 

Zr postupně snižovala, což bylo způsobeno klesající průměrnou vazebnou energií. Na roz-

díl od krystalických vrstev vykazovaly všechny amorfní vrstvy tlakové pnutí. Vrstvy s vy-

sokým obsahem Zr (> 88 at.% Zr) byly krystalické a jejich struktura byla převážně dvou-

fázová s postupným přechodem od metastabilního tuhého roztoku β-Zr(W) (86 – 

96 at.% Zr) přes metastabilní tuhý roztok ω-Zr(W) (94 – 100 at.% Zr) až k termodynamicky 

stabilní fázi α-Zr (99 – 100 at.% Zr). V přechodových oblastech mezi plně krystalickou a 

skelnou strukturou pak došlo k vytvoření dvoufázové skelno-krystalické struktury. 

D V případě vrstvy W–Zr s 28 at.% Zr připravené magnetronovým naprašováním dochází 

během depozice k vytvoření unikátní dvoufázové skelno-krystalické struktury. Ta se skládá 

z kónických krystalických oblastí tvořených tuhým roztokem α-W(Zr) obklopených 

amorfními oblastmi, které odpovídají kovovému sklu W–Zr. Většina kónických oblastí, 

jejichž osy jsou kolmé k povrchu vrstvy, má vrchol na povrchu substrátu nebo v jeho blíz-

kosti. Tento bod (vrchol) je zároveň bodem primární nukleace. Poměr skelné a krystalické 

fáze na povrchu vrstvy je pak závislý na tloušťce vrstvy. K vytvoření této dvoufázové 

struktury dochází pouze ve velmi úzkém rozsahu prvkového složení. Předpokládáme, že 

kromě prvkového složení vrstev hraje při vzniku této dvoufázové struktury důležitou roli 

také difuzivita a mobilita naprašovaných atomů.  

E Oxidační odolnost a teplotní stabilita tvrdých a opticky transparentních amorfních vrstev 

Hf7B10Si32C2N44, Hf6B12Si29Y2C2N45 a Hf5B13Si25Ho3C2N48 byla vyšetřována ve vzduchu 

a inertních plynech až do teploty 1600 °C. Vyšetřován byl také vliv rostoucí teploty 

na strukturu, tvrdost a optické vlastnosti vrstev. Bylo zjištěno, že přidáním Y nebo Ho 

do vrstev Hf–B–Si–C–N dochází ke stabilizaci tetragonálního HfO2, který se nachází 

po ohřevu v povrchové oxidové vrstvě. Nejtenčí povrchová oxidová vrstva byla vytvořena 

během ohřevu ve vzduchu v případě vrstvy s Y. Během ohřevu v He nebyla u vyšetřova-

ných vrstev pozorována žádná změna hmotnosti až do teploty 1315 °C (v případě vrstvy 
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Hf6B12Si29Y2C2N45 dokonce do 1350 °C). Tvrdost vrstvy Hf6B12Si29Y2C2N45 se po ohřevu 

v He na 1300 °C zvýšila z 22,2 na 25,9 GPa a tato vrstva zůstala opticky průhledná 

i po ohřevu na 1400 °C. Ke krystalizaci amorfní struktury došlo při teplotě kolem 1400 °C. 

Kapitola IV se věnuje závěrům disertační práce. V kapitole V je uveden seznam dalších publi-

kací kandidáta. 


