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| 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 CR 16-
18183S (2016-2018): Advanced surface coatings with enhanced properties and thermal stabil-
ity, and MSMT LO1506 (2015-2020): Sustainability support of the centre NTIS - New Tech-
nologies for the Information Society.



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 a-W and W in a-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 W>Zr can

be formed [13]. At higher temperatures, the solubility is slightly increased to 3.56 at.% Zr in a-



W at peritectic temperature of 2160 °C and 3.98 at.% W in B-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.
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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
AugoSizo) 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 — 108 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 Zrs4Cuas
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 Ty 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 AT. 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 ZrssCuss TFMG annealed to 600 °C in argon. The glass transition temperature
Ty, crystallization temperature T and supercooled liquid region AT 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 AT 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.

As-deposited Annealed

nm
40

nm
40

20 20

0.5

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 Zrs1Cus2AlioNi7 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 AT
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].

Indentation-affected region (IAR)

Shear bands

Fig. 4. Scanning electron microscopy image of the indent made on the Zrs1 2 Ti138Cu125Ni10Be225 bulk
metallic glass at a load of 2000 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 (> 10° 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 A for Zr and 1.28 A 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 Houska 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 (Ty)
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, Zitek 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 Zrs4Cuse and Zro7Hf27Cuse TFMGs and their oxidation behav-

ior compared to a crystalline Zrs4sCuae 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. Zitek 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

15



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 W>Zr
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].

16



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 x 10 Qm). 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° Qm. 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.

0.05
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50% Si T
—20% Si

N30%si
1 ~ ) I L
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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 % N 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/cm?) and an electrical conductivity (Hf7B23Si22CeNao film prepared at 15 % No)
or an optical transparency (HfsB21Si10CaN47 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
Hf7B23Si22CsN4o 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 0o-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 SisN4 and BN boundary phases [59].
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Fig. 7. Cross-section HRTEM image of the Hf7B23Si22CsNao 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 Hf7B23Si22CsNao film after annealing to 1500 °C
by high-resolution transmission electron microscopy (HRTEM) revealed that the HfB> 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 HfB, 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 HfB, and HFCN sandwich structure. Adjusted according to [60].

Fig. 9 shows the microstructure of the optically transparent HfsB21Si10C4Na47 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 Hf;B23Si22CsN4o 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 HfsB21Si19C4N47 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.
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Therefore, part E of this Ph.D. thesis follows up on the previous studies of H—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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[l 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-Al1/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-Al1/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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[Il 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.

| 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. | evaluated
measured data and actively participated in the interpretation of the results. | also actively par-
ticipated in the evaluation of the results of other analyses supporting the interpretation of the
high-temperature behavior of the films. | 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.

| carried out all depositions of the W—Zr thin-film alloys (Parts C and D) by magnetron co-
sputtering. | measured the elemental composition, thickness, residual stress, mechanical and
electrical properties of the films. | 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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ARTICLE INFO ABSTRACT

Keywords: Amorphous Zrs,Cuys and Zro;Hf»Cuyg thin-film metallic glasses were prepared by non-reactive magnetron co-
Zr-Cu sputtering of Zr, Hf and Cu in pure argon. Several as-deposited Zrs4Cuye films were post-annealed in high va-
Zr-Hf-Cu

cuum to create a crystalline thin-film alloy of the identical composition. The non-isothermal crystallization
behavior of the amorphous Zrs4Cuse and Zrp7Hf,7Cuye films and the effect of a substitution of Hf for Zr on the
crystallization process were studied by differential scanning calorimetry. The activation energy of the crystal-
lization was obtained by the Kissinger-Akahira-Sunose method. The results show that the activation energy of
the Zry;Hf27Cuy film was higher for all conversion fractions, which indicates that the substitution of Hf for Zr
enhances the thermal stability of the glassy state. Considerable attention was also paid to the isothermal oxi-
dation behavior of the amorphous and crystalline Zrs;Cuss, and amorphous Zr,;Hf»;Cuye films investigated by
thermogravimetric analysis. It was shown that all oxidation curves in the temperature range from 400 to 575 °C
obeyed the parabolic law. The activation energy of the oxidation process determined by the Arrhenius equation
for the oxidation rate constants was found to be the highest for the Zr,;Hf,;Cuyg film, which indicates that its
surface oxide layer is a more effective barrier against the diffusion of species.

Metallic glass
Crystallization kinetics
Oxidation kinetics
Activation energy

1. Introduction

Metallic glasses have attracted considerable interest in recent years
due to their unique properties such as high tensile strength, high elastic
strain and hardness, temperature-independent electrical resistivity, low
wear and high corrosion resistance, excellent surface finishing, and
biocompatibility [1-3]. Metallic glasses are amorphous materials with a
short-range order on the atomic scale, which gives rise to some specific
properties such as homogeneity, isotropy, and absence of grain
boundaries [4,5] compared to conventional crystalline materials.

Zr- and Cu-based metallic glasses are one of the most studied sys-
tems because of their high crystallization temperature and a wide su-
percooled liquid region [6,7]. Their unique properties make them at-
tractive for miscellaneous applications. An important prerequisite to
use them in industry is their ability to resist an oxidizing environment
at elevated temperatures. Recently, several studies have been con-
ducted with the aim to investigate the oxidation behavior and de-
termine the oxidation kinetics of Zr- and Cu-based glassy and/or crys-
talline thin films [8-12]. To better understand the thermal behavior of
the Zr- and Cu-based metallic glasses, several studies have been also
focused on the crystallization kinetics, most of them on isothermal
[13-15] or a combination of isothermal and non-isothermal kinetics
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[16,17] and only a few on non-isothermal kinetics [18-20].

In the present work, thermally activated processes in Zrs4Cuys and
Zr7Hf5;Cuye films prepared by magnetron co-sputtering of Zr, Hf and
Cu in argon atmosphere are systematically investigated. We use dif-
ferential scanning calorimetry to study the non-isothermal crystal-
lization behavior of the amorphous Zrs4Cuse and Zry;Hf57Cuye thin-film
metallic glasses and to evaluate the influence of a substitution of Hf for
Zr on the crystallization process and its activation energy. We pay
considerable attention to thermogravimetric analysis of the oxidation
behavior of amorphous and crystalline Zrs4Cuse, and amorphous
Zro7Hf55Cuyg films. We determine oxidation rate constants and activa-
tion energies of the relevant oxidation processes. The selection of the
elemental composition of the films investigated was done based on our
previous studies [21,22] reporting on properties and thermal behavior
of these films.

2. Experimental details

Amorphous Zrs,Cuye and Zr,;Hf>7Cuye thin films were deposited by
non-reactive magnetron co-sputtering of Zr (99.5% purity), Hf (99.9%
purity) and Cu (99.99% purity) targets in pure argon at a pressure of
0.53 Pa. Magnetrons with the Zr and Hf targets were operated in de
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regimes while the magnetron with the Cu target was operated in a high-
power impulse regime. The films were deposited onto Si(100) wafers
and molybdenum foils (0.1 mm in thickness) held at a floating potential
without any external heating. The substrates were rotated above the
targets at a speed of 40 rpm and located at a target-to-substrate distance
of 150mm. More technical details concerning the preparation of
Zr—Cu and Zr—Hf—Cu films are given in our previous papers [21,22].

In order to create a Zrs4Cuyg crystalline alloy film of the identical
composition for the comparison study, several as-deposited films were
post-annealed at 465°C (above the crystallization temperature of
422 °C) for 5min in a high-vacuum chamber (evacuated down to a base
pressure of 5 X 10~ ° Pa).

The crystallization behavior of the Zrs4Cuyg and ZroyHf57Cuyg films
was investigated by differential scanning calorimetry (DSC) using a
Setaram Labsys DSC 1600 system. Approximately 5pm thick film de-
posited onto the molybdenum foil was relatively easily delaminated
from this substrate. Obtained freestanding film fragments of a total
mass of 5 mg were then inserted into a 100 pl alumina crucible covered
with a lid. An identical uncharged crucible was used as a reference. The
DSC measurements were carried out at different heating rates (10, 20,
30 and 40 °C/min) in argon (a flow rate of 11/h) in the temperature
range from room temperature up to 600 °C. The cooling rate was in all
cases the same as the heating rate. Each run was immediately followed
by a second run under the same conditions to serve as a baseline. The
calorimeter was calibrated by melting of Pb, Zn and Al standards with
purity of 99.998 = 0.001%. After heating, the film fragments were
mechanically ground in an agate mortar to provide a fine powder used
for X-ray diffraction measurements.

The oxidation behavior of the Zrs4Cuyg and ZroyHf57Clye films with
an area of 1 x 1cm? was investigated by high-resolution thermo-
gravimetry (TG) using a symmetrical Setaram TAG 2400 system. The
TG analysis was carried out in synthetic air (a flow rate of 11/h) with
dynamical heating in the temperature range from room temperature up
to 800 °C and isothermal annealing at various temperatures in the range
from 400 °C to 575°C for 3 h. The heating rate was set to 10 °C/min
upon dynamical heating and 50 “C/min before reaching the isothermal
temperature. The cooling rate was set to 30 "C/min in both cases. The Si
(100) substrates used were coated on one side only. After subtracting
the thermogravimetric signal corresponding to oxidation of the un-
coated sides, the resulting thermogravimetric curve gives us the ther-
mogravimetric signal of the film only.

The structure of the as-deposited and annealed films on the Si(100)
substrate and powdered heated films was characterized by X-ray dif-
fraction (XRD) using a PANalytical X'Pert PRO diffractometer in the
Bragg-Brentano configuration using the Cu K, radiation
(A = 0.154187 nm).

The elemental composition of the as-deposited films on the Si(100)
substrate was analyzed by a Hitachi SU-70 scanning electron micro-
scope operated at a primary electron energy of 20 keV using a Thermo
Scientific UltraDry energy dispersive spectrometer (EDS). Zr, Hf and Cu
standards were used for the quantitative analysis. The error of the
elemental analysis was established to be 1 at.%.

The thickness of the surface oxide layer was determined by a J.A.
Woollam Co. variable angle spectroscopic ellipsometer. The measure-
ments were performed in the wavelength range from 300 to 2000 nm
using angles of incidence of 65°, 70° and 75° in reflection.

3. Results and discussion

The following section is divided into three subsections. The first one
characterizes the structure of all three films investigated in this paper.
The second one is focused on the non-isothermal crystallization beha-
vior of the Zrs4Cuys and Zr,;Hf5;Cuse thin-film metallic glasses and on
the discussion of the influence of a Hf substitution for Zr on the crys-
tallization process. The third one describes the effect of the structure
and the elemental composition on the oxidation behavior and kinetics
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Fig. 1. XRD patterns of as-deposited (a-Zrs4Cuse and Zrp;Hf»,Cuge) and an-
nealed (c-Zrs4Cuyg) films.

of the crystalline Zrs4Cuse film and amorphous Zrs,Cuse and
Zrzny27CU45 films.

3.1. Structure

XRD patterns of two as-deposited films, Zrs4Cuys and Zry;Hfp7Cuyg,
and one Zrs4Cuyg film annealed at 465 °C for 5 min in high vacuum are
shown in Fig. 1. It can be seen that the as-deposited films are X-ray
amorphous while the annealed film is crystalline. The XRD patterns of
the amorphous films contain one very broad peak of a low intensity at
the position 26 = 38°, which confirms a disordered structure of the
films lacking any long-range periodic arrangement of atoms. On the
other hand, the XRD pattern of the annealed film is characterized by the
occurrence of several diffraction peaks that can be assigned to the
crystalline tetragonal CuZr, (PDF Card No. 00-018-0466) phase. The
thickness of all films investigated was around 2 pm.

3.2. Non-isothermal crystallization behavior

The non-isothermal crystallization behavior of the amorphous
Zrs54Cuse and Zr,;Hf,7Cuge was investigated by differential scanning
calorimetry. Both films were heated from room temperature up to
600 °C with a heating rate of 10, 20, 30 and 40 "C/min in pure argon as
freestanding film fragments. The non-isothermal crystallization beha-
vior was investigated only for the amorphous films because there was
no pronounced response upon heating in case of the crystalline film, as
expected.

Fig. 2 shows the most relevant part of DSC curves of both films
heated with a heating rate of 30 °C/min. The glass transition tempera-
ture Ty, crystallization temperature T, and the supercooled liquid re-
gion AT = T.-Ty are highlighted on the DSC curves. One can recognize
that both films exhibit the glass transition, which gives evidence about
their glassy behavior. The substitution of Hf for Zr has nearly no effect
on the width of the supercooled liquid region (close to 40 °C for both
films) but it shifts the onset of the glass transition and the crystal-
lization to higher temperatures. The enhanced thermal stability of the
glassy state of the Zr,7Hf,,Cu,e film compared to the Zrs,Cuye film may
be explained by a more covalent character of the metallic-covalent
bonds of Hf (a higher average bond energy) and also by a lower mo-
bility of Hf during diffusion-controlled processes (approximately twice
higher atomic mass of Hf than Zr). Furthermore, the crystallization
process of the ZrssCuye film (Fig. 2a) is characterized by two over-
lapping exothermic peaks of a higher and lower intensity in contrast to
the Zry;Hf57,Cuye film (Fig. 2b). These peaks are most likely related to a
primary and secondary crystallization (more details given later).

The sets of the crystallization peaks recorded at a heating rate of 10,
20, 30 and 40 °C/min for both films are shown in Fig. 3. The peaks are
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Fig. 2. DSC curves of amorphous (a) Zrs,Cuye and (b) Zra;Hfy7Cuye films heated to 600 °C at a heating rate of 30 °C/min in argon. The glass transition temperatureT,

crystallization temperature T, and supercooled liquid region AT are highlighted.

displayed after being processed by subtraction of baselines. One can see
that the peaks shift to higher temperatures and their intensity increases
with increasing heating rate. At a higher heating rate, the films remain
in each particular temperature interval for a shorter period of time and
therefore there is less time for their crystallization. The crystallization
takes place at a higher temperature, which results in an increase in the
crystallization rate and consequently in a higher peak intensity.

Since the crystallization of the Zrs4Cuy,e film is characterized by two
overlapping peaks, the Fraser-Suzuki function [23,24] was used for
their deconvolution procedure:

X—a

2
ln(l + 2‘:‘30_2)

as

y =agexp|—In2

(1)

where ay, a1, az and az are the parameters giving the amplitude, posi-
tion, half-width and asymmetry of the peak, respectively. Fig. 4 re-
presents an example of this deconvolution for a heating rate of 30 °C/
min. It shows the original double exothermic peak (black curve) along
with a fitting peak of a higher (blue curve) and lower (orange curve)
intensity and a cumulative peak corresponding to the sum of the two
fitting peaks (red curve). It is seen that the cumulative peak is in very
good agreement with the original one.

In order to evaluate the activation energy corresponding to the
onset of the crystallization in both thin-film metallic glasses, we limited
our non-isothermal kinetic analysis only to the first well-defined exo-
thermic peak in case of the Zrs4Cuse film. After integration and sub-
sequent normalization of the crystallization peaks, the conversion
fraction @, which determines the amount of the material converted
during the non-isothermal crystallization, was calculated for both films,
see Fig. 5. All curves exhibit a sigmoidal shape with increasing tem-
perature. The conversion fraction a increases rapidly from 0.05 to 0.95
in contrast to the beginning and end of the conversion. That is, the
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Fig. 4. Example of the deconvolution of the original double exothermic peak
(black curve) of the Zrg4Cuye film heated at a heating rate of 30 °C/min. The
blue and orange curves correspond to peaks fitted by using Fraser-Suzuki
function and the red curve represents their sum. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

crystallization process occurs primarily in this range. This behavior is
typical in amorphous materials upon isothermal and non-isothermal
heating [25].

The apparent activation energy E, of the crystallization process
under non-isothermal heating can be determined, for instance, by the
Kissinger-Akahira—Sunose (KAS) method based on the following
equation [26,27]:

%)
In| =
B (2)

where f§ is the heating rate, R is the universal gas constant, T, is the
absolute temperature at the given value of a and C is a constant. The

Ea
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Fig. 3. Exothermic peaks of (a) Zrs4Cuse and (b) Zry,Hfo7Cuye films recorded at four different heating rates (10, 20, 30 and 40 °C/min) in argon.
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Fig. 5. Conversion fractions a for (a) Zrs4Cuye and (b) ZroyHf57Cuye films corresponding
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Fig. 6. Apparent activation energies as a functions of the conversion fraction for
Zrs4Cuye (blue circles) and Zry;Hfy;Cuae (green squares) films. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

plot of In(T,%/B) versus 1/T, provides a straight line and from the slope
of this line the activation energy of the crystallization can be calculated.
The obtained values of the apparent activation energy as a function of
the conversion fraction a are plotted in Fig. 6. It can be seen that the
apparent activation energy of both films decreases as the conversion
fraction increases. The highest apparent activation energy at the early
stage of the process suggests that there is a high-energy barrier which
needs to be overcome to start the crystallization process. It may be
related to the nucleation of crystalline phase(s). Its value (an intercept
with the y-axis) is 264 and 320kJ/mol for the Zrs4Cuse and
Zra7Hf57Cuye film, respectively. The subsequent decrease of the ap-
parent activation energy is caused by the fact that the nucleation re-
quires higher energy than grain growth [7,28]. The value of the ap-
parent activation energy for a = 0.5 is 230 and 279 kJ/mol for the
Zrs4Cuye and Zry;Hf»;Cuye film, respectively. As clearly seen from
Fig. 6, the apparent activation energy is higher in case of the
Zry7Hf57Cugs film compared to the Zrs4Cuys film for all conversion
fractions. This indicates that the amorphous structure of the
Zry7Hf»7Cuye film is more resistant to the crystallization.

For better understanding of the crystallization process, the Zrs4Cuyg
and the Zry;Hf,;,Cuys film fragments were heated to selected char-
acteristic temperatures, which are highlighted on the DSC curves shown
in Fig. 7. XRD patterns of the powdered film fragments after their
heating to these selected temperatures are shown in Fig. 8. As can be
seen, the heating of both films to the beginning of the supercooled li-
quid region (389°C for the Zrs4Cuss film and 445°C for the
Zro7Hf>7Cuyse film) preserves their amorphous structure, compare
Figs. 1 and 8. Upon the heating to the temperature corresponding to the
peak maxima (428°C for the Zrs4Cuyss film and 485°C for the
Zr,7Hf57Cuye film), the amorphous structure of the films is converting
to the crystalline one. In case of the Zrs,Cuye film, all diffraction peaks
can be assigned to the tetragonal CuZr, (PDF Card No. 00-018-0466)
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Fig. 7. DSC curves of Zrs4Cuyg (upper curve) and Zrp;Hf,;Cuyg (lower curve)
films with highlighted temperatures corresponding to XRD patterns shown in
Fig. 8.

phase. In case of the Zr;;Hf;,Cuye film, diffraction peaks lie just in the
middle of the positions corresponding to the tetragonal CuZr, and
CuHf, (PDF Card No. 04-004-2396) phases, and the orthorhombic
CuygZry; (PDF Card No. 00-047-1028) and Cu,Hf; (PDF Card No. 01-
082-6313) phases. That means, a double-phase solid-solution structure
is crystallizing in this film consisting of the tetragonal Cu(Hf,Zr), and
orthorhombic Cu, o(Hf,Zr),; phases. More details about the substitution
of Hf for Zr in the structure of Zr-Hf-Cu films have been reported in our
previous paper [22].

As can be seen from the XRD patterns in Fig. 8b, a further increase
of the heating temperature up to 600 °C does not cause any other
changes in the structure of the Zry;Hf;;Cuye film. This behavior is
significantly different from that of the Zrs,Cuys film, see Fig. 8a. A
further increase of the temperature in this film beyond the first exo-
thermic peak leads to the appearance of other low-intensity diffraction
peaks. The intensity of these diffraction peaks gradually increases at
least up to 525 °C (beyond the second low-intensity exothermic peak)
and these peaks correspond to the orthorhombic Cu,pZr; phase. In
summary, the crystallization of the CuZr, and Cu¢Zr; phases from the
amorphous state of the binary Zrs4Cuse thin-film metallic glass takes
place in two successive steps in contrast to the ternary Zry;Hfp;Cuye
thin-film metallic glass, in which the Cu(Hf,Zr); and Cu,q(Hf,Zr);
phases crystallize from the amorphous state simultaneously.

3.3. Isothermal oxidation behavior

The oxidation behavior of the amorphous Zrs,Cuss and
Zro;Hf7;Cuye thin-film metallic glasses and the crystalline ZrgyCuug
thin-film alloy was investigated by high-resolution thermogravimetry
upon a dynamical and isothermal heating.

Dynamical thermogravimetric oxidation curves measured from
room temperature up to 800 °C in synthetic air at a heating rate of
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Fig. 8. XRD patterns of (a) Zrs4Cuse and (b) Zry;Hf2,Cuse powdered films after their heating to the temperatures highlighted in Fig. 7.
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Fig. 9. Dynamical thermogravimetric oxidation curves of crystalline c-Zrs4Cuye
and amorphous a-Zrs4Cuss, and amorphous Zry;Hf57Cuye films recorded at a
heating rate of 10 °C/min in air.

10 °C/min are presented in Fig. 9. It can be seen that the onset of the
oxidation of the Zrs4Cuye film, defining the oxidation temperature T,
is dependent on its structure. Moreover, the change of the elemental
composition, i.e. the substitution of Hf for Zr, also strongly affects the
onset of the oxidation. The crystalline Zrs,Cuye film starts to oxidize at
about 355 °C while the amorphous Zrs4Cuye and Zr,;Hf»7,Cuse films at
about 475°C and 550°C, respectively. That is, T, of the thin-film
metallic glasses is distinctly shifted to higher temperatures (by about
120 °C for the Zrs4Cuye film and by about 195 °C for the Zry,Hfo7Cuye
film). Above T,,, the mass gain follows a very similar trend for all three
films, see Fig. 9. This can be ascribed to the fact that all films are al-
ready crystalline at these temperatures and the mechanism of the oxi-
dation is very similar. The lowest mass gain (0.15 mg/cm?) at a final
temperature of 800 °C is measured for the Zry;Hf5,Cuyg film.

Isothermal thermogravimetric oxidation curves of all three films
measured at various temperatures ranging from 400 to 575 °C for 3h in
synthetic air are shown in Fig. 10. Because the thermogravimetric
signal at the beginning of each isothermal measurement was affected by
oscillations of the temperature signal due to the transition from the
dynamical ramp heating to the isothermal steady-state annealing, cor-
responding thermogravimetric data are not shown for the first 14 min.
The films were heated up to each temperature as fast as possible (50 °C/
min) to reduce their initial oxidation before starting the isothermal
annealing. When the initial mass change was not zero, it was added to
each isothermal curve.

Fig. 10 shows that the structure and the elemental composition of
the studied films has a significant effect on their isothermal oxidation
behavior. All oxidation curves in the temperature range from 400 to
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575 °C obey the parabolic law, i.e. the oxidation proceeds with a con-
tinuously reducing oxidation rate. The rate is then inversely propor-
tional to the mass of the oxide grown:

dn _k
dr

m

3

where m is the mass of the oxide, t is the time and k denotes the oxi-
dation rate constant.

This oxidation behavior indicates that a dense barrier oxide layer
forms on the surface of the films and the oxidation through this layer is
a diffusion-controlled process [29].

It is evident that the Zry;Hf,,Cuyss film exhibits the lowest mass
change upon the isothermal annealing at any temperature investigated.
A higher oxidation rate was observed in case of the amorphous Zrs4Cuye
film and even higher was observed for the crystalline Zrs,Cuyg film. The
highest oxidation rate for the crystalline Zrs,Cu4e film may be ex-
plained by the existence of grain boundaries in this film. These
boundaries serve as channels for the interdiffusion of species resulting
in a rapid oxidation of the film. On the other hand, the absence of grain
boundaries in the amorphous thin-film metallic glasses limits their
oxidation. In addition, the substitution of Hf for Zr enhances the oxi-
dation resistance of the film more and slows down the oxidation process
upon both isothermal and dynamical heating. This indicates that the
oxide layer, which grows on the surface of the Zry;Hf5,Cuyg film, is a
more effective barrier against the diffusion of species through this layer
than in the case of the Zrs4Cuye film. XRD measurements (not shown
here) unraveled that the oxide surface layer contains monoclinic HfO,.
This phase is most likely responsible for the better oxidation resistance
of the Zry;Hf27Cuye film compared to the Zrs4Cuye film that contains
only monoclinic ZrO,. This is in agreement with the results obtained by
Opila et al. on diboride-based ceramics [30]. They observed a higher
oxidation resistance HfBs-based ceramics than those based on ZrB,. A
first-principle study of Zheng et al. on native point defects in HfO, and
Zr0; also supports our results. They found out that HfOj is less prone to
the formation of oxygen point defects than ZrO, and thus is more de-
fect-free [31]. Moreover, the unit cell volume of HfO, (138.28 A® [PDF
Card No. 00-034-0104]) is smaller than that of ZrO, (140.70 A® [PDF
Card No. 00-037-14841]).

The thicknesses of surface oxide layers of selected films measured
after their isothermal annealing by spectroscopic ellipsometry are de-
picted in Fig. 11. As can be seen, the lowest oxide-layer thicknesses are
achieved for the Zro;Hf27;Cuye film for all temperatures, On the other
hand, the highest thicknesses are measured for the crystalline ZrsyCug
film. These results corroborate very well the thermogravimetric data
described above. Note that the 70 nm thickness of the oxide layer grown
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Fig. 10. Isothermal thermogravimetric oxidation of crystalline c-Zrs4Cuye and amorphous a-Zrs4Cuye, and amorphous Zry;Hf»;Cuye films recorded at temperatures

ranging from 400 to 575 °C for 3h in air.
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Fig. 11. Thicknesses of a surface oxide layer of crystalline c-Zrs4Cuyg (circles)
and amorphous a-Zrs4Cuye (squares), and amorphous Zrz;Hf7Cuye (triangles)
films after the isothermal annealing for 3 h in air.

on the Zr,7Hf5,Cu,e film upon annealing at 450 °C is the same as that of
the amorphous Zrs4Cuye film annealed at 400 °C.

The activation energy E of the oxidation process upon the iso-
thermal annealing in the temperature range from 400 to 575 °C can be
determined by taking the logarithm of the Arrhenius equation [32] for
the temperature dependence of the parabolic oxidation rate constant k,

E
lnk—lnkn—ﬁ (4)

where ky is the value of the pre-exponential factor, R is the universal gas
constant and T is the absolute temperature. The plot of Ink as a function
of the reciprocal temperature 1/T (Fig. 12) provides a straight line and
the slope of this line is equal to -E/R. The obtained value of E is
111.5kJ/mol for the crystalline Zrs;Cuye film, 142.5kJ/mol for the
amorphous Zrs4Cuyg film and 208 kJ/mol for the Zry;Hf,;Cuys film in
the temperature range investigated. It should be mentioned that the
activation energy E is the minimum energy needed to realize the oxi-
dation via the diffusion of species and its value is inversely proportional
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Fig. 12. Arrhenius plots of parabolic oxidation rate constants for crystalline c-
Zrs4Cuyge (circles) and amorphous a-Zrs4Cuss (squares), and amorphous
Zry7Hf>Cuye (triangles) films.

to the diameter of the diffusion channel. Therefore, the highest acti-
vation energy corresponds to the Zro;Hf>7Cuye film with the highest
oxidation resistance. Its dense surface oxide layer serves as the most
efficient diffusion barrier compared to those grown on the Zrs,Cuge
films.

4, Conclusions

The crystallization and oxidation behavior of binary Zrs;Cuss and
ternary ZrayHf;7Cuye thin-film metallic glasses were systematically in-
vestigated by differential scanning calorimetry and high-resolution
thermogravimetry, respectively, and the oxidation behavior was com-
pared with that of a crystalline Zrs4Cuyg thin-film alloy. The main re-
sults can be summarized as follows:

e The crystallization of the Zrs4Cuye film takes place at a lower tem-
perature and in two successive steps in contrast to the Zr,;Hf>7Cue
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film. The apparent activation energy E, of the primary crystal-
lization determined by non-isothermal kinetics using the
Kissinger-Akahira—Sunose method is higher in the case of the
Zry7Hf57Cuye film for all conversion fractions @ compared to the
Zrs4Cuye film (e.g. E, = 279 kJ/mol vs. 230 kJ/mol for a = 0.5).
This suggests that the crystallization process of the Zry;Hf2,Cugs
film is more difficult and the film is more thermally stable than the
Zr54Cuye film.

The onset of the oxidation of the crystalline Zrs4Cuge alloy, and the
amorphous Zrs,Cuys and Zry;Hf,,Cuys metallic glasses is 355°C,
475 °C and 550 °C, respectively, upon the dynamical heating. The
poorest oxidation resistance in the case of the crystalline Zrs,Cuye
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 forma-
tion of more protective oxide surface layer.

The oxidation behavior upon the isothermal annealing is governed
by diffusion-controlled kinetics in the temperature range from 400
to 575 °C. The activation energy of the oxidation process determined
from the Arrhenius equation for the parabolic oxidation rate con-
stants is 112, 143 and 208 kJ/mol for the crystalline Zrs4Cuye film,
and the amorphous Zrs4Cuge and Zro7Hf57Cuye films, respectively.
These results confirm that the most protective oxide layer is formed
on the surface of the Zry;Hf2,Cuye film.

Acknowledgments

The authors thank Dr. Jifi Houska for ellipsometry measurements,

Dr. Simon Kos for a helpful discussion and Radomir Cerstvy for the XRD
measurements. This work was supported by the Czech Science
Foundation under Project No. GA16-18183S.

References

[1]

[2]
[3

(41

[5

[6]

[7

[8]

J. Schroers, G. Kumar, T.M. Hodges, S. Chan, T.R. Kyriakides, Bulk metallic glasses
for biomedical applications, JOM 61 (2009) 21-29, https://doi.org/10.1007/
511837-009-0128-1.

A.L. Greer, Metallic glasses...on the threshold, Mater. Today 12 (2009) 14-22,
https://doi.org/10.1016/51369-7021(09)70037-9.

1 M.F. Ashby, A.L. Greer, Metallic glasses as structural materials, Scr. Mater. 54
(2006) 321-326, https://doi.org/10.1016/J.SCRIPTAMAT.2005.09.051.

J.P. Chu, J.C. Huang, J.S.C. Jang, Y.C. Wang, P.K. Liaw, Thin film metallic glasses:
preparations, properties, and applications, JOM 62 (2010) 19-24, https://doi.org/
10.1007/511837-010-0053-3.

] J.P. Chu, J.S.C. Jang, J.C. Huang, H.S. Chou, Y. Yang, J.C. Ye, Y.C. Wang, J.W. Lee,
F.X. Liu, P.K. Liaw, Y.C. Chen, C.M. Lee, C.L. Li, C. Rullyani, Thin film metallic
glasses: unique properties and potential applications, Thin Solid Films 520 (2012)
5097-5122, https://doi.org/10.1016/J.TSF.2012.03.092.

M. Apreutesei, P. Steyer, L. Joly-Pottuz, A. Billard, J. Qiao, S. Cardinal, F. Sanchette,
J.M. Pelletier, C. Esnouf, Microstructural, thermal and mechanical behavior of co-
sputtered binary Zr-Cu thin film metallic glasses, Thin Solid Films 561 (2014)
53-59, https://doi.org/10.1016/.ts£.2013.05.177.

0. Lozada-Flores, LA. Figueroa, G. Gonzalez, A.E. Salas-Reyes, Influence of minor
additions of Si on the crystallization kinetics of Cu55Hf45 metallic glasses,
Thermochim. Acta 662 (2018) 116-125, https://doi.org/10.1016/J. TCA.2018.02.
006.

M. Paljevi¢, M. Tudja, Unusual oxidation behaviour of Zr50Cu50 alloy at high
temperatures, Corros. Sci. 50 (2008) 818-822, https://doi.org/10.1016/J.CORSCI.
2007.11.003.

34

[9]

[10]

[11]

[12]

[14]

[15]

[16]

[18]

[19]

[21]

[22]

[24]

[25]

[31]

[32]

Journal of Non-Crystalline Solids 500 (2018) 475-481

K. Weller, Z.M. Wang, L.P.H. Jeurgens, E.J. Mittemeijer, Oxidation kinetics of
amorphous AlxZrl —x alloys, Acta Mater. 103 (2016) 311-321, https://doi.org/10.
1016/J.ACTAMAT.2015.09.039.

W. Kai, Y.R. Chen, T.H. Ho, H.H. Hsieh, D.C. Qiao, F. Jiang, G. Fan, P.K. Liaw, Air
oxidation of a Zr58Cu22Al12Fe8 bulk metallic glass at 350-550 degrees C, J. Alloys
Compd. 483 (2009) 519-525,

U. Koster, L. Jastrow, M. Meuris, Oxidation of Cu60Zr30Til0 metallic glasses,
Mater. Sci. Eng. A 449-451 (2007) 165-168, htips://doi.org/10.1016/J.MSEA.
2006.02.291.

Z. Xu, Y. Xu, A. Zhang, J. Wang, Z. Wang, Oxidation of amorphous alloys, J. Mater.
Sci. Technol. 34 (2018) 1977-2005, https://doi.org/10.1016/J.JMST.2018.02.015.
I. Kalay, M.J. Kramer, R.E. Napolitano, Crystallization kinetics and phase trans-
formation mechanisms in Cu56Zr44 glassy alloy, Metall. Mater. Trans. A 46 (2015)
3356-3364, https://doi.org/10.1007/511661-015-2921-5.

T. Cullinan, I. Kalay, Y.E. Kalay, M. Kramer, R. Napolitano, Kinetics and mechan-
isms of isothermal devitrification in amorphous Cu50Zr50, Metall. Mater. Trans. A
Phys. Metall. Mater. Sci. 46 (2015) 600-613, https://doi.org/10.1007/s11661-014-
2661-y.

Q. Gao, Z. Jian, J. Xu, M. Zhu, F. Chang, A. Han, Crystallization kinetics of the
Cu50Zr50 metallic glass under isothermal conditions, J. Solid State Chem. 244
(2016) 116-119, https://doi.org/10.1016/j.jssc.2016.09.023.

R. Rashidi, M. Malekan, R. Gholamipour, Crystallization kinetics of Cu47Zr47A16
and (Cu47Zr47A16)99Sn1 bulk metallic glasses, J. Non-Cryst. Solids 498 (2018)
272-280, https://doi.org/10.1016/J.JNONCRYSOL.2018.06.042.

C. Peng, Z.H. Chen, X.Y. Zhao, A.L. Zhang, L.K. Zhang, D. Chen, Crystallization
kinetics of Zr60Cu25Fe5A110 bulk metallic glass, J. Non-Cryst. Solids 405 (2014)
7-11, https://doi.org/10.1016/J.JNONCRYSOL.2014.08.030.

M. Mohammadi Rahvard, M, Tamizifar, S.M.A. Boutorabi, The effect of Ag addition
on the non-isothermal crystallization kinetics and fragility of Zr56Co28A116 bulk
metallic glass, J. Non-Cryst. Solids 481 (2018) 74-84, https://doi.org/10.1016/J.
JNONCRYSOL.2017.10.026.

L. Bing, L. Yanhong, Y. Ke, L. Jinshan, F. Xinhui, Effect of yttrium addition on the
non-isothermal crystallization kinetics and fragility of Cu-Zr-Al bulk metallic glass,
Thermochim. Acta 642 (2016) 105-110, hitps://doi.org/10.1016/j.tca.2016.08.
001.

R. Fernandez, W. Carrasco, A. Ziiga, Structure and crystallization of amorphous
Cu-Zr-Al powders, J. Non-Cryst. Solids 356 (2010) 1665-1669, https://doi.org/10.
1016/J.JNONCRYSOL.2010.06.016.

P. Zeman, M. Zitek, S. Zuzjakovd, R. Cerstv§, Amorphous Zr-Cu thin-film alloys with
metallic glass behavior, J. Alloys Compd. (2017), https://doi.org/10.1016/j.
jallcom.2016.12.098,

M. Zitek, P. Zeman, §. Zuzjakova, M. Kotrlové, R. Cerstvy, Tuning properties and
behavior of magnetron sputtered Zr-Hf-Cu metallic glasses, J. Alloys Compd. 739
(2018) 848-855, https://doi.org/10.1016/J.JALLCOM.2017.12.301.

A. Perejon, P.E. Sanchez-Jiménez, J.M. Criado, L.A. Pérez-Maqueda, Kinetic ana-
lysis of complex solid-state reactions. a new deconvolution procedure, J. Phys.
Chem. B 115 (2011) 1780-1791, https://doi.org/10.1021/jp110895z.

R. Svoboda, J. Mélek, Applicability of Fraser-Suzuki function in kinetic analysis of
complex crystallization processes, J. Therm. Anal. Calorim. 111 (2013) 1045-1056,
https://doi.org/10.1007/510973-012-2445-9.

0. Lozada-Flores, LA. Figueroa, G.A. Lara, G. Gonzalez, C. Borja-Soto,

J.A. Verduzco, Crystallization kinetics of Cu55Hf45 glassy alloy, J. Non-Cryst.
Solids 460 (2017) 1-5, https://doi.org/10.1016/].jnoncrysol.2017.01.021.

H.E. Kissinger, Reaction kinetics in differential thermal analysis, Anal. Chem. 29
(1957) 1702-1706, https://doi.org/10.1021/ac60131a045.

T. Akahira, T. Sunose, Method of determinig activation deterrioration constant of
electrical insulating materials, Res. Rep. Chiba. Inst. Technol. (Sci Technol). 16
(1971) 22-23.

Y.H. Li, C. Yang, L.M. Kang, H.D. Zhao, S.G. Qu, X.Q. Li, W.W. Zhang, Y.Y. Li, Non-
isothermal and isothermal crystallization kinetics and their effect on microstructure
of sintered and crystallized TiNbZrTaSi bulk alloys, J. Non-Cryst. Solids 432 (
(2016) 440-452, https://doi.org/10.1016/J.JNONCRYSOL.2015.11.005.

S. Bose, High Temperature Coatings, 1st ed., Elsevier Inc, 2007, https://doi.org/10.
1016/B978-075068252-7,/50008-1.

E. Opila, E. Opila, S. Levine, S. Levine, J. Lorincz, Oxidation of ZrB 2 - and HfB 2
-based ultra-high temperature ceramics: effect of Ta additions, J. Mater. Sci. 39
(2004) 5969-5977, https://doi.org/10.1023/B:JMSC.0000041693.32531.d1.

J.X. Zheng, G. Ceder, T. Maxisch, W.K. Chim, W.K. Choi, First-principles study of
native point defects in hafnia and zirconia, Phys. Rev. B 75 (2007) 104112, ,
https://doi.org/10.1103/PhysRevB.75.104112,

J.H. van't Hoff, Etudes de dynamique chimique, Muller, 1884.



B

Impact of Al or Si addition on properties and oxidation
resistance of magnetron sputtered Zr-Hf-Al/Si—Cu

metallic glasses

M. Zitek, P. Zeman, M. Kotrlové, R. Cerstvy
Journal of Alloys and Compounds 772 (2019) 409-417

35



Journal of Alloys and Compounds 772 (2019) 409—417

Journal of Alloys and Compounds

journal homepage: http://www.elsevier.com/locate/jalcom

Contents lists available at ScienceDirect

ALLOYS AND
COMPOUNDS

Impact of Al or Si addition on properties and oxidation resistance of )

Check for

magnetron sputtered Zr—Hf—Al/Si—Cu metallic glasses

M. Zitek, P. Zeman', M. Kotrlova, R. Cerstvy

Department of Physics and NTIS - European Centre of Excellence, University of West Bohemia, Univerzitni 8, 306 14, Plzen, Czech Republic

ARTICLE INFO

ABSTRACT

Article history:

Received 15 July 2018

Received in revised form

4 September 2018

Accepted 7 September 2018
Available online 8 September 2018

Keywords:
Zr—Hf—Al/Si—Cu
Amorphous material
Metallic glass

Thin film

Magnetron sputtering

Amorphous quaternary Zr—Hf—Al/Si—Cu thin-film metallic alloys were prepared by non-reactive
magnetron co-sputtering using four unbalanced magnetrons equipped with Zr, Hf, Al or Si, and Cu
targets. The Zr, Hf and Al or Si targets were sputtered in dc regimes while the Cu target in a high-power
impulse regime. Two series of films with either Al (up to 17 at.%) or Si (up to 12 at.%) addition were
deposited. The effect of the elemental composition on the structure, thermal behavior, mechanical and
surface properties, electrical resistivity and oxidation resistance was systematically investigated. All Zr
—Hf—Al/Si—Cu films were deposited with an X-ray amorphous structure. The glass transition was,
however, recognized only up to 12at.% Al or 6at.% Si. The addition of Al or Si enhances mechanical
properties of the films and the thermal stability of their amorphous state. This may be explained by an
increase of a covalent component of the mixed metallic-covalent 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.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Metallic glasses as a promising new type of materials have been
widely studied during past years. It is well known that they exhibit
many exceptional properties including for instance high yield
strength, high elastic strain and hardness, temperature-
independent electrical resistivity, excellent surface finishing, and
biocompatibility [1-5]. Their unique properties originate from the
disordered atomic structure without grain boundaries that con-
trasts with the well-defined atomic lattice arrangement in crys-
talline alloys [6—8].

Zr- and Cu-based metallic glasses have been extensively studied
both as bulk metallic glasses (BMGs) [9—16] and as thin film
metallic glasses (TFMGs) [17—24]. In recent years, several in-
vestigations have confirmed that selecting a proper alloying
element in an appropriate amount has beneficial effects on the
properties of the Zr- and Cu-based metallic glasses. For instance,
Choi-Yim et al. [10] reported that the addition of Si up to 2 at.% into
Cuy7Tiz4Zr11Nig improves the thermal stability and expands the
supercooled liquid region. A similar effect was observed also for
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Zr47CuyaAlig metallic glasses alloyed with Si [15]. However, it has
also been reported that addition of more than approximately 2 at.%
Si into the melt often leads to a rapid crystallization during the
fabrication process of BMGs [11]. On the other hand, Zr—Ti—B—Si
and Zr—Ti—Si—W thin-film alloys were prepared by magnetron
sputtering with an amorphous structure up to 20at.% Si [21,22].
Unfortunately, it has not been reported if these amorphous alloys
exhibit the glass transition. Contrary to Si-containing BMGs,
alloying with Al preserves amorphous structure to at least 10 at.% of
Al [9,12—-14]. An optimized addition of Al into BMGs improves
thermal stability [12,14], enhances hardness [14], extends the
supercooled liquid region [9,12,14] and increases the critical
diameter of BMGs [16]. One may see that alloying with either Al or
Si may lead in certain material systems to enhanced properties. We
have recently shown that the ternary Zr—Hf—Cu thin-film metallic
glasses exhibit enhanced hardness, thermal stability and oxidation
resistance, and very smooth and hydrophobic surface [24]. How-
ever, the effect of an addition of either Al or Si into the Zr—Hf—Cu
system has not been studied yet.

The present study is, therefore, focused on the Zr—Hf—Al/Si—Cu
thin-film alloys prepared by magnetron co-sputtering, which was
proved to be a suitable technique for deposition of the Zr—Cu based
metallic glasses [17—20,23,24]. We utilize four independent mag-
netrons (each of them equipped with a different material) to
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precisely control the elemental composition of the Zr—Hf—Al/Si—Cu
thin-film alloys. The main aim of this study lies in a systematic
investigation of the effect of an addition of Al or Si into the
Zr—Hf—Cu thin-film alloys on their properties and behavior. In
particular, we focus on the correlation between elemental
composition and structure, thermal behavior, mechanical and sur-
face properties, electrical resistivity and oxidation resistance of the
Zr—Hf—Al/Si—Cu thin-film alloys. Since Zr—Hf—Al/Si—Cu thin-film
alloys have not been synthesized yet, we systematically investi-
gate different properties and behavior in detail.

2. Experimental details

Quaternary Zr—Hf—Al/Si—Cu thin-film alloys were deposited by
magnetron co-sputtering using an AJA International ATC 2200-V
sputter system which was pumped by a turbomolecular pump
(12001/s) backed up with a multi-stage roots pump (27 m3,'h1'). The
base pressure before each deposition was lower than 5 x 1077 Pa.
Depositions were carried out in argon at a pressure of 0.533 Pa (4
mTorr) using four independent unbalanced magnetrons equipped
with circular, indirectly cooled targets (50.8 mm in diameter,
6.35 mm in thickness). The magnetrons with the Zr target (99.5%
purity, Matsurf Technologies Inc.) and the Hf target (99.9% purity,
Plasmaterials Inc.) were powered by a dual power supply (Pinnacle
Plus+ 5/5 kW, Advanced Energy) working independently in two dc
regimes. The magnetron with the Al target (99.99% purity, Matsurf
Technologies Inc.) or the Si target (99.99% purity, Matsurf Tech-
nologies Inc.) was powered by a dc power supply (DCXS-750-4, AJA
International Inc.) and the magnetron with the Cu target (99.99%
purity, Matsurf Technologies Inc.) was powered by a pulsed dc
power supply (TruPlasma Highpulse 4002, Hiittinger Elektronik)
working in a high-power impulse regime. The average target power
density in a pulse was fixed at 1000 W/cm?. The negative voltage
pulse length was set to a constant value of 200 pus and the repetition
frequency was set to either 36 Hz or 46 Hz. All films were deposited
onto polished and ultrasonically pre-cleaned single-crystalline
Si(100), soda-lime glass and molybdenum substrates held at a
floating potential without any external heating. The substrates
were rotated above the targets at a speed of 40 rpm and located at a
target-to-substrate distance of 150 mm.

The elemental composition of the Zr—Hf—Al/Si—Cu films was
controlled by adjusting the deposition rates from the Zr, Hf, (Al,Si)
and Cu targets independently, particularly by the dc target powers
(Zr, Hf, and (ALSi)) and the average target power in a period (Cu).
The deposition rates were measured before each deposition using a
quartz crystal deposition rate monitor (SQM-160, Inficon).

The elemental composition of the as-deposited films on the Si
substrate was analyzed by a scanning electron microscope (SU-70,
Hitachi) operated at a primary electron energy of 20 keV using an
energy dispersive spectroscopy (UltraDry, Thermo Scientific) to
quantify the Zr, Hf, Al and Cu content and wavelength dispersive
spectroscopy (MagnaRay WDS, Thermo Scientific) to quantify the Si
content. Bulk standards of all elements were used for the quanti-
tative analysis. The error of the elemental analysis was established
to be 1at%.

The thermal behavior of the films was investigated by differ-
ential scanning calorimetry (DSC). Approximately 2-um thick films
deposited onto the molybdenum thin foils (0.1 mm in thickness)
were relatively easily delaminated from this kind of the substrate
by its bending. Obtained freestanding film fragments (-3 x 3 mm?
each) of a total mass of 5mg were then inserted into a 100 pl
alumina crucible covered with a lid. An identical uncharged cruci-
ble was used as a reference. The measurements were carried out at
the same heating and cooling rate of 30 °C/min in flowing argon
(11/h) in the temperature range from room temperature to 600 °C

using a DSC system (Labsys DSC 1600, Setaram). The calorimeter
was calibrated by melting of Pb, Zn and Al standards with purity of
99.998 + 0.001%.

X-ray diffraction (XRD) measurements of the structure of the as-
deposited films on the Si substrates and of the powdered film
fragments after their annealing were carried out using a diffrac-
tometer (X'Pert PRO, PANalytical) with Cu K, radiation
(Acy =0.154187 nm) working in a slightly asymmetrical Bragg-
Brentano geometry with an w-offset of 1.5° and in the standard
Bragg-Brentano geometry, respectively. The w-offset was used to
eliminate a strong reflection of the single-crystalline Si(100) sub-
strate at 20 angle of 69.17°. The data were collected using an ul-
trafast detector X'Celerator in the 260 range of 20°—60°.

The film thickness and the curvature of the Si substrate coated
with the film, from which a residual macrostress was determined
using the modified Stoney's formula, were measured by a surface
profilometer (Dektak 8 Stylus Profiler, Veeco). The hardness,
effective Young's modulus and elastic recovery of the films on the Si
substrate were evaluated from the load vs. displacement curves
[25], which were measured at room temperature and in ambient
environment by a nanoindenter (TI 950 Triboindenter, Hysitron)
equipped with a Berkovich-type diamond tip. For each film, a
number of indents were made at different loads ranging from 1 to
10mN and the obtained data were averaged. The ratio of the
penetration depth and the film thickness was below 10% in all
cases.

The electrical resistivity of the films on the glass substrate was
measured at room temperature by a standard four-point probe with
a spacing of 1.047 mm between the tips (Cylindrical probe, Jandel).
The nonconductive glass substrate was used to avoid the effect of
an electrically conductive substrate on the data measured. The
measurement was also not affected by a very thin surface oxide
layer (few nm in thickness) formed on the films as a result of a
reaction with an ambient atmosphere because the penetration
depth of the probe tips was much higher (approximately 150 nm).
The water contact angle of the films on the Si substrate was
measured at room temperature by a drop shape analyzer (DSA30,
KRUSS) using the sessile drop method with a droplet of distilled
water with volume of 2 pl. Three measurements on each film at
various positions were carried out and the obtained values were
averaged. A typical error of the measurement was +1°. The arith-
metic average surface roughness of the films on the Si substrate was
evaluated from a selected square area of 2 x 2 pm? measured in a
non-contact mode of an atomic force microscope (SmartSPM, AIST-
NT) equipped with a silicon tip (nominal radius of 10 nm).

The oxidation resistance of the films was investigated by ther-
mogravimetry (TG) using a symmetrical high resolution system
(Setaram TAG 2400). The TG analysis was carried out in synthetic
atmospheric air (flow rate of 11/h) with dynamic heating in the
temperature range from room temperature up to 1000°C and
isothermal heating at 550 °C for 3 h. The heating rates were set to
10°C/min and 50°C/min for dynamic heating and isothermal
heating, respectively. The cooling rates were set in both cases to
30°C/min. The Si substrates were coated only on one side. After
subtracting the thermogravimetric signal corresponding to oxida-
tion of the uncoated sides, the resulting thermogravimetric curve is
related to the oxidation resistance of the Zr—Hf—Al/Si—Cu film only.

The thickness of the surface oxide layer was determined by a ].A.
Woollam Co. variable angle spectroscopic ellipsometer. The mea-
surements were performed in the wavelength range from 300 to
2000 nm using angles of incidence of 65°, 70° and 75° in reflection.

3. Results and discussion

In this section, the effect of an addition of Al (up to 17 at.%) or Si
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(up to 12 at.%) into the Zr—Hf—Cu thin-film alloys on their prop-
erties and behavior is investigated. Two film series, labeled as Al-
series and Si-series from now on, are systematically studied. The
effect of the elemental composition (Fig. 1) on the structure (Figs. 2
and 3), thermal behavior (Figs. 4—7), mechanical (Figs. 8 and 9) and
surface properties (Fig. 10), electrical resistivity (Fig. 11) and
oxidation behavior (Figs. 12 and 13) is presented and discussed in
detail.

3.1. Elemental composition

The elemental composition of the Zr—Hf—Al/Si—Cu thin-film
alloys was varied by adjusting the deposition rate from the Zr, Hf,
Al or Si and Cu targets as described in Experimental details. The
total deposition rate varied from 27 nm/min to 36 nm/min and the
thickness of all films was around 2 pm. In both series, we started the
experiments with the deposition of the ternary Zr—Hf—Cu thin film
with approximately 46 at.% Cu, 27 at.% Zr and 27 at.% Hf. A subse-
quent addition of Al or Si was done at the expense of Zr and Hf
while maintaining the ratio [Zr]:[Hf] = 1 and the content of Cu at
approximately 46 at.%. An evolution of the elemental composition
of the films of the Si-series as a function of the applied power at the
Si target is shown in Fig. 1. A similar evolution was observed also for
the Al-series except that the comparable Al content was achieved
for a lower applied power at the Al target. This is due to different
sputtering yields of Al and Si for a comparable energy of impacting
Ar ions [26]. One may notice that by setting appropriate target
powers, we were able to precisely control the elemental composi-
tion in the whole studied range. The Al and Si content in the films
was varied from 0 to 17 at.% and from 0 to 12 at.%, respectively.

3.2. Structure

In order to investigate the effect of the elemental composition
on the structure of the as-deposited films, the XRD measurements
were carried out. XRD patterns of the films of the Al-series are
presented in Fig. 2. As can be seen, all films containing up to 17 at.%
Al exhibit a low-intensity broad diffraction peak (hump) indicating
that these films are X-ray amorphous. The full width at half
maximum of this peak is around 5° 20. As for the Si-series, a similar
set of XRD patterns were collected (not shown). It implies that
these films are also X-ray amorphous in the whole range investi-
gated, ie. from 0 to 12at% Si. Such a high content of Si for the
amorphous alloys based on Zr—Cu has not been reported for BMGs
so far, as described in Introduction. Our results point out the key
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Fig. 1. Elemental composition of the films of the Si-series as a function of the applied
power at the Si target.
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importance of using magnetron sputtering with very high cooling
rates of the vapor on the substrate for the deposition of amorphous
thin-film metallic alloys in a wide composition range.

A closer look at the XRD patterns reveals that the maximum of
the broad peak shifts to higher 26 angles with increasing Al and Si
content for both film series, see Fig. 3. As mentioned before, either
element (Al and Si) is added at the expense of Zr and Hf and both
have a lower atomic radius than Zr and Hf. Thus, the average
interatomic distance in the material decreases with their addition,
which consequently leads to the shift of the hump to higher 26
angles. As shown in Fig. 3, the shift may be very well fitted by a
linear regression. Despite the fact that the radius of Al is larger than
that of Si the slope of the straight line fitting the values of the Al-
series is steeper indicating more rapid decrease of the inter-
atomic distance with increasing Al content,

3.3. Thermal behavior

The effect of the elemental composition on the thermal behavior
of the Zr—Hf-Al/Si—Cu films was studied using differential
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scanning calorimetry. Freestanding fragments of each film from
both series were annealed up to 600°C in Ar. Fig. 4a gathers DSC
curves of the films of the Al-series. As can be seen, one well-defined
exothermic peak is detected up to 12 at.% Al. This peak, related to
the crystallization of the film, is shifted to higher temperatures
with increasing Al content. The onset of the peak defines the
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Fig. 6. Selected XRD patterns taken from powdered fragments of the films from the Al-
series after their annealing up to 600 °C and cooling down back to room temperature.
The main diffraction peaks of the Cu(Zr,Hf)2, Cul0(Zr,Hf)7 and Cu2ZrAl or Cu2(Zr,Hf)Al
phases are marked by the symbols.

crystallization temperature, T.. The DSC curve of the film with
17 at.% Al is also characterized with one exothermic peak, which is,
however, detected at a lower temperature compared to the film
with 12 at.% Al and has a significantly lower intensity. A similar set
of the DSC curves was also observed for the Si-series except that the
film with 3 at.% Si is characterized by a low-intensity exothermic
peak followed by a second high intensity exothermic peak, see
Fig. 4b. It can be also seen in Fig. 4a and b that the exothermic peak
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of the films of the Si-series was located at a higher temperature for
the comparable amount of Si and Al. The shift of the exothermic
peak to higher temperatures with increasing either Al or Si up to
12 at.% indicates an enhanced thermal stability of the amorphous
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state of the quaternary Zr—Hf—Al/Si—Cu films compared to the
ternary Zr—Hf—Cu films. This behavior may be attributed to more
difficult diffusion of the atoms in the film upon heating due to the
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presence of Al or Si with a stronger covalent bonding (more details
given later).

Before the onset of the crystallization peak, we observed a
decrease of a heat flow for some Zr—Hf—Al/Si—Cu films. This kind of
decrease is a typical behavior of glasses and is known as a glass
transition. The glass transition determines the position of the glass
transition temperature, T (for more details see our previous paper
[23]). The supercooled liquid region, AT, in which the glass exhibits
a viscous flow and thermoplastic behavior, is located between Ty
and T

Fig. 5 presents the evolution of T; and T for both series as a
function of the Al or Si content. One may notice that we were able to
recognize the glass transition only between 0 and 12 at.% Al for the
films of the Al-series and between 0 and 6 at.% Si for the films of the
Si-series. As can be seen in Fig. 5, the values of T. increase
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Fig. 13. Isothermal thermogravimetric oxidation curves of the Zr—Cu, Zr—Hf-Cu,
Zr—Hf-Al-Cu and Zr—Hf-Si—Cu films with a constant Cu value of 46 at.%, constant
ratio [Hf]:[Zr] = 1 and 3 at.% of Al or Si measured at 550 °C in a synthetic air for 3 h.

monotonically up to 12 at.% of Al or Si with increasing the Al or Si
content in the films. Further increase of the Al content causes a
decrease of T.. The values of Ty follow the trend of T.. The super-
cooled liquid region is marked in Fig. 5 by the orange area between
Tz and T.. An addition of Al into the ternary Zr—Hf—Cu films extends
the supercooled liquid region. The maximum AT = 63 °C was ach-
ieved for the film with 8 at.% Al. On the other hand, addition of
3 at.% Si reduces the width of the supercooled region while addition
of 6 at.% Si gives again the value of the ternary Zr—Hf—Cu film. The
values of Ty, Tc and AT for the films from Al- and Si-series are
summarized in Table 1. As for the addition of Al its effect in the
Zr—Hf—Al—Cu films is comparable with reported results for the
ternary Zr—Al—Cu metallic glasses [9,13,14]. For instance, Cheung
and Shek [14] observed glass transition in the range from 0 to
10at.% Al with a maximum value of AT=73°C for 8at% Al
Regarding the alloying with Si, its effect is also similar with results
published in the literature for the Zr-based BMG [ 11] except that we
were able to prepare metallic glasses in a wider composition range
up to 6 at.% Si but we did not observe extending of the supercooled
liquid region in the investigated region.

In order to identify products of the crystallization of the films of
the Al- and Si-series, XRD analysis was carried out after the DSC
measurements. Prior the analysis, the film fragments were ground
to powder. As expected from the DSC curves, all films crystallized
upon the annealing to 600 °C. The XRD patterns of the represen-
tative films of the Al-series are shown in Fig. 6. The ternary
Zr—Hf—Cu film consists of the tetragonal Cu(Zr,Hf); and ortho-
rhombic Cujo(Zr,Hf)7 solid solution phases. This is in accordance
with our previous paper [24] where we showed that Hf gradually
substitutes Zr with increasing Hf/(Hf+Zr) ratio. The positions of the
XRD peaks are just in the middle of the positions corresponding to
the tetragonal CuZr; (PDF Card No. 00-018-0466) and CuHf; (PDF
Card No. 04-004-2396) phases and the orthorhombic CujpZr; (PDF
Card No. 01-078-3211) and CuyoHf7 (PDF Card No. 01-082-6313)
phases, which reflects well the equal content of Zr and Hf in the
films. An addition of Al into the Zr—Hf—Cu films results in a quite
complex structure which in turn complicates the identification of
the crystallization products. In spite of this fact, some conclusions
can be drawn from the XRD analysis of the patterns. An increasing
Al content to 8 at.% results in the appearance of another peak at a 20
position of about 41.25°. The position of this peak is very close to
the positions of the ternary cubic CuyZrAl (PDF Card No. 03-065-
6362) and CuzHfAl (PDF Card No. 04-008-2257) phases. It cannot
be, however, ruled out that it also may correspond to the cubic
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Table 1
Glass transition temperature T, crystallization temperature T. and supercooled
liquid region AT=T. — T, of the films from the Al- and Si-series.

Al-series
Al (at.%) 0 3 6 8 12 17
Te (°C) 432 436 449 459 487 -
T (°C) 478 485 509 522 545 529
AT (°C) 46 49 60 63 58 -
Si-series
Si (at.%) 0 3 6 9 12 -
Te (°C) 432 469 487 - - -
T (*C) 478 511 533 551 574 —
AT (°C) 46 42 46 - - -

Cuy(Zr,Hf)Al solid solution phase. With further increase of the Al
content, the intensity of the peak increases and also new peaks
related to this cubic phase appear. Other peaks in the XRD patterns
(>8at. % Al) can be ascribed to the tetragonal Cu(ZrHf); and
orthorhombic Cuyo(Zr,Hf)7 phases but with a variable content of Zr
and Hf. Some peaks are closer to the CuZr; while other to the CuHf;
diffraction standards. The same is valid for the orthorhombic phase.

The XRD patterns of the representative films of the Si-series are
shown in Fig. 7. The results demonstrate much higher reactivity of
Si with Zr and Hf than with Cu. A small addition of Si (3 at.%) leads
to the crystallization of a silicide phase. Since the positions of the
XRD peaks of this phase are in between the positions of the cubic
Zr>Si (PDF Card No. 04-001-0938) and HfSi (PDF Card No. 04-001-
0944) diffraction standards, it implies that this phase can be
considered to be the cubic (Zr,Hf),Si solid solution. Its amount
grows with increasing Si content as deduced from increasing in-
tensity of the corresponding XRD peaks. Simultaneously, the crys-
tallization of the tetragonal Cu(Zr,Hf), phase is limited due to the
consumption of Zr and Hf and this phase gradually vanishes. In
contrast, the orthorhombic Cuyg(Zr,Hf); phase is present for all Si
contents investigated. Moreover, the XRD peaks of this phase
remain at the same positions independently of the Si content. This
is different from the effect of the Al addition.

3.4. Mechanical properties

The effect of the elemental composition on the hardness and the
residual stress of the Zr—Hf—Al/Si—Cu films is shown in Fig. 8. It can
be seen in the upper panel of Fig. 8 that the hardness of the films of
the Al- and Si-series increases monotonically from 6.5 to 8.0 GPa
and from 6.5 to 9.0 GPa, respectively. In both series the de-
pendencies can be well fitted by straight lines. It is also clearly seen
that the straight line of the Si-series is considerably steeper indi-
cating a more pronounced effect of the Si addition on the hardness
enhancement. A maximum value of the hardness of the Zr—Hf—Al/
Si—Cu films, which exhibit the metallic glass behavior, is 7.5 GPa
and was measured for two films containing either 12 at.% Al or
6 at.% Si. The residual stress for the films of the Al- and Si-series is
shown in the bottom panel of Fig. 8. Both film series exhibit a
compressive residual stress with the absolute values varying
around 0.2 GPa. We have not observed a significant difference in
the values of the residual stress with the addition of Al or Si. The
compressive residual stress of these films can be attributed to the
bombardment of the growing film by energetic Cu ions generated
in the discharge in the vicinity of the Cu target sputtered in a high-
power impulse regime (for more details see our previous publica-
tion [23]). A low or moderate compressive residual stress is
generally beneficial in terms of increasing hardness and suppress-
ing crack propagation.
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Fig. 9 shows the evolution of the effective Young's modulus and
the elastic recovery as a function of the Al or Si content in the films.
It is clearly seen that the evolution of both quantities follows the
trend of the hardness. The effective Young's modulus increases
from 116 to 134 GPa and from 116 to 138 GPa for the Al- and Si-
series, respectively. In case of the elastic recovery, the values in-
crease from 36 to 39% and from 36 to 41% for the Al- and Si-series,
respectively. The values of the effective Young's modulus as well as
the values of the elastic recovery may be also fitted with straight
lines with a higher slope for the Si-series. Despite the increase of
the elastic recovery from 36% for the ternary Zr—Hf—Cu film, the
Zr—Hf—Al/Si—Cu films still deform predominantly plastically via
the formation of shear bands.

A clear correlation can be seen when comparing the evolution of
Tyand T (see Fig. 5) and the evolution of mechanical properties (see
Figs. 8 and 9) of the Zr—Hf—Al/Si—Cu metallic glasses. All afore-
mentioned quantities increase with increasing Al or Si content in
the films. This behavior may be understood in terms of an average
bond energy in the films. Note that the main-group elements, Si
and Al, possess p-electrons in their isolated-atom electronic con-
figurations unlike Zr and Hf which are replaced. Thus, a case can be
made that the incorporation of Al or Si into the films increases the
projection of the resulting hybridized orbitals on odd p-orbitals
(contrary to even s- and d-orbitals). The non-zero weight of elec-
trons on odd p-orbitals leads to wavefunctions centered between
atoms rather than on an atom, i.e. to a more directional (covalent)
bonding [27].

3.5. Surface properties

The surface properties, namely the wettability and surface
roughness, of the films of the Al- and Si-series are displayed in
Fig. 10 as a function of the Al or Si content. The wettability of the
films was characterized by the water contact angle which is shown
in the upper panel of Fig. 10. As can be seen, the values of the water
contact angle of the films of the Al-series scatter around 100°, On
the other hand, the films from the Si-series with Si content up to
6 at.% exhibit a slightly lower water contact angle of about 97°.
Further increase of the Si content leads to a more pronounced
decrease of the water contact angle to the values slightly below 90°.
Thus, only the films with up to 17 at% Al or 6at% Si can be
considered as hydrophobic.

The arithmetic average surface roughness of the films of the Al-
and Si-series is shown in the bottom panel of Fig. 10. As can be seen,
the low addition of Al up to 6 at.% leads to a decrease of the surface
roughness from approximately 0.5 nm for the ternary Zr—Hf—Cu
film to less than 0.3 nm. An increase of the Al content to 8 at.%
causes a rise of the surface roughness to 1.2 nm. Further increase of
the Al content leads to a moderate decrease of the surface rough-
ness which, however, does not reach the value of the ternary
Zr—Hf—Cu film. In case of the Si-series, the addition of 3 at.% Si
induces an increase of the surface roughness to approximately
1nm followed by a gradual decrease to the values lower than
0.4 nm. Despite the fact that a few films containing either Al or Si
exceed the value of the surface roughness of the ternary Zr—Hf—Cu
film, the Zr—Hf—Al/Si—Cu films are still very smooth, especially
when compared with crystalline alloys [23].

3.6. Electrical resistivity

Fig. 11 summarizes the values of the electrical resistivity of the
films of the Al- and Si-series at room temperature. As can be seen
the electrical resistivity increases monotonically for both series
with increasing Al or Si content. The increase is more pronounced
for the films of the Si-series which correlates well with the
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evolution of the mechanical properties and characteristic temper-
atures. Therefore, the increase can be attributed to a more covalent
character of the mixed metallic-covalent bonds compared to the
ternary Zr—Hf—Cu film leading to less free electrons. Despite the
fact that the electrical resistivity increases with increasing Al or Si
content all deposited films exhibit very low electrical resistivity
lower than 2.0 x 10°5Qm.

3.7. Oxidation resistance

Dynamical thermogravimetric oxidation curves of the films of
the Al- and Si-series measured from room temperature up to
1000 °C in synthetic flowing air at a heating rate of 10 °C/min are
shown in Fig. 12. It can be seen that the onset of the oxidation
depends on the content of the additional element. All films of the
Si-series, see the bottom panel of Fig. 12, start to oxidize at about
500°C but as the temperature increases the oxidation rate de-
creases with increasing Si content. This may be explained by the
formation of a Si-containing surface oxide layer that serves as a
more efficient barrier against interdiffusion of oxygen and elements
of the film.

In case of the Al-series the evolution of the oxidation resistance
is more complex. We recognize two main intervals of the Al content
which differ in the oxidation behavior, see the upper panel of
Fig. 12. Up to 6 at.% Al, the addition of Al has positive effect on the
oxidation resistance and the onset of the oxidation shifts to higher
temperatures. For instance, the film containing 6 at.% Al starts to
oxidize at about 550 °C. However, when the Al content is above
6at.% Al, the onset of the oxidation of the films is registered at
noticeably lower temperatures, e.g. at 350 °C for 8 at.% Al. The films
start to rapidly oxidize gaining a mass change up to 0.05 mg/cm?
after which the oxidation slows down. At about 550 °C, it acceler-
ates again and the mass gain follows the trend of the films with
0 and 3at% Al If one compares the onset of the crystallization
(Fig. 5 and Table 1) with that of the oxidation (Fig. 12), one may
notice that the Zr—Hf—Al—Cu films with the Al content between
0 and 6 at.% and the Zr—Hf-Si—Cu films with the Si content be-
tween 0 and 12 at.% exhibit very low mass gain before starting to
crystallize.

Since the difference in the oxidation resistance of the Zr—Hf—Cu
and Zr—Hf—Al/Si—Cu films with 3 at.% Al or Si was not so pro-
nounced upon the dynamical heating, we carried out in addition
isothermal oxidation measurements at 550°C in a flowing syn-
thetic air for 3 h. Fig. 13 presents the comparison of thermogravi-
metric curves of binary ZrssCugg, ternary Zro7Hf>7Cuge, and
quaternary ZrsHfygAlsCugg and ZrpsHf26Si3Cugs films. All films
possess the same Cu content of 46at.% and ternary/quaternary
films a fixed ratio of [Hf]:[Zr] = 1. The films were heated up to
550 °C as fast as possible (50 °C/min) to eliminate their oxidation
before starting the isothermal measurements. The corresponding
mass gain was therefore close to zero for all films. Because the
thermogravimetric signal during the first 5min was strongly
affected by oscillations of the temperature signal due to the tran-
sition from the dynamical ramp heating to the isothermal steady-
state heating, the thermogravimetric data were just extrapolated
(see dashed lines) during the settling time.

As can be seen in Fig. 13, the quaternary Zr—Hf—Al/Si—Cu films
containing Al or Si exhibit a lower oxidation rate and a lower mass
gain after 3 h of the measurement compared to the binary Zr—Cu
and ternary Zr—Hf—Cu films. The best oxidation resistance is ach-
ieved for the ZrasHf»6Si3Cuge film. Its mass gain after 3 h is close to
0.055 mg/cm?, which is approximately two times less than for the
Zrs54Cuyg film. This is in agreement with the measurement of the
thickness of the surface oxide layer. For the ZrysHf6Si3Cuyg film,
the thickness of the oxide layer was 390 nm while for the Zrs4Cugg
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film was 840 nm. All oxidation curves can be well fitted with
square-root functions. Oxidation in such a way indicates that a
dense barrier oxide layer is formed on the surface of the films
causing the reduction of the oxidation rate with time. The oxidation
is then controlled by a diffusion of the species through the oxide
layer [28]. From Fig. 13 it is seen that the Si-containing surface oxide
layer is even more efficient than the Al-containing one. Let us also
note that even if the binary Zrs4Cugg thin-film metallic glass ex-
hibits the highest mass gain among the films investigated, it is more
oxidation resistant than its crystalline counterpart of the identical
composition. This will be, however, reported in detail in our sepa-
rate paper along with crystallization and oxidation kinetics of the
aforementioned films.

4. Conclusions

The effect of an addition of Al (up to 17 at.%) and Si (up to 12 at.%)
into the Zr—Hf—Cu thin-film alloys on their properties and behavior
was studied in detail. Conventional dc and high-power impulse
magnetron co-sputtering of Zr, Hf, Al or Si and Cu in pure Ar was
proved to be a suitable deposition technique for a reproducible
deposition of quaternary Zr—Hf—Al/Si—Cu films.

The deposited thin-film metallic alloys were found to be
amorphous in the whole studied range. The glass transition was,
however, recognizable only up to 12 at.% Al and 6 at.% Si by differ-
ential scanning calorimetry. 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, and
mechanical properties (up to 17 at.% Al and 12 at.% Si). This increase
may 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. Smooth, hydrophobic and elec-
trically conductive Zr—Hf—Al/Si—Cu thin-film metallic glasses
exhibit enhanced hardness, thermal stability and oxidation resis-
tance. A wider super-cooled liquid region was obtained for the
Zr—Hf—Al—Cu metallic glasses, while a better oxidation resistance
for the Zr—Hf—Si—Cu metallic glasses.
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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 o-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 $-Zr(W) solid solution
(86 — 96 at.% Zr) through a metastable w-Zr(W) solid solution (94 — 100 at.% Zr) to the ther-
modynamically stable a-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
(a-Zr phase) with a P63/mmc space group at ambient conditions. This structure transforms to a
body-centered cubic structure (B-Zr phase) with an Im3m space group at a temperature of
863 °C at atmospheric pressure. The a phase can be also transformed into another hexagonal
structure (w-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 (a-W phase) with an Im3m space group at am-
bient conditions. This space group is identical to that of the B-Zr phase. Tungsten can also
crystallize in a simple cubic structure (B-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 f-W phase
strongly depends on the concentration of impurities or deposition parameters [14-16]. The mu-
tual solid solubility of Zr in a-W and W in a-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 a-W at a peritectic temperature of 2160 °C and
3.98 at.% W in B-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 x 10 Pa before each deposition by a turbomolecular pump (1200 I/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 pum.

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 CuK, (A =
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 26 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 LaBs.

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 x 5 um?
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 x 10 Qm) 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, ap*/ap®', 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 ap"V/ap*" =
0.58. This value does not exactly correspond to the ratio of the molar volumes of Zr
(14.02 cm®/mol) and W atoms (9.47 cm®mol) as we observed, for instance, for binary Zr—Cu
films [24]. This discrepancy is more pronounced for higher ap"V/ap?" 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 ap™/ ap® 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) a-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 a-W(Zr) solid solution. A gradual substitution of larger Zr (1.55 A) for smaller
W atoms (1.35 A) in the bec lattice of a-W results in a gradual shift of the maxima of the

diffraction peaks to lower 20 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 a-W(Zr) diffraction peaks and a broad amorphous
hump at a 26 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 3-Zr(W) solid solution with diffraction peaks
slightly shifted to higher 26 angles compared to the pure bee B-Zr phase (PDF Card No. 00-34-
0657). This is caused by an incorporation of W into the B-Zr lattice. Concurrently, they are still
characterized by an amorphous hump (light green curves in Fig. 2¢) at a 20 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 B-Zr(W) and w-
Zr(W) solid solutions. Analyzing the XRD pattern, we found that $-Zr(W) appears to be a major
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phase in this film and diffraction peaks, especially for the w-Zr(W) phase, are shifted to higher
20 angles compared to the pure bee B-Zr phase and the hexagonal close-packed (hep) w-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 ®-Zr(W) phase in this case. The film with 98 at.%
Zr then exhibits a crystalline structure containing the w-Zr(W) phase only. Further increase of
the Zr content to 99 at.% leads to the formation of the hcp a-Zr phase (PDF Card No. 00-05-
0665) in addition to the major w-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

a-Zr phase with a trace amount of the ®-Zr phase.
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Fig. 2. XRD patterns of as-deposited W-Zr films divided into three groups: (a) crystalline W-rich
films with a-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 o-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 B-Zr through ®-Zr to a-Zr with increasing Zr
(decreasing W) content. The high-temperature B-Zr and high-pressure w-Zr structures are met-
astable at normal conditions. The formation of the B-Zr(W) and w-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 B-Zr(W) solid solution at a higher W incorporation is attributed to the same crystal struc-
ture of B-Zr and a-W (the Im3m space group). The stabilization of the high-temperature B-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 w-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 Phase composition
(at. %)
0 o-W
3-24 a-W(Zr)
28 a-W(Zr) + amorphous
33-83 amorphous
86 — 88 + amorphous
94 + w-Zr(W)
96 o-Zr(W) +
98 o-Zr(W)
99 ®-Zr(W) + a-Zr(W)
100 o-Zr + o-Zr
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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 y = 8 — y with the flat film surface (@ is the Bragg angle

and y 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 sin?y [28,29]:
a= a, +(a—a,)sin’y, (1)

where a| and aLare the in-plane lattice parameter (y = 90°) and the lattice parameter normal to
the sample surface (y = 0°), respectively. They can be employed for the calculation of the strain-

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

2v
a0=al+m(a”—al). (2)

In our case, v = 0.28 [30] was used for the evaluation of the W-rich films with the bcc a-W(Zr)
structure and v = 0.34 [31] for the Zr-rich films with the bcc B-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 a-W lattice and
vice versa in the B-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 a-W(Zr) and B-Zr(W) structures, both with the Im3m space group. In
case of the a-Zr(W) and w-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 A) and W atoms (2.7 A)

in their crystalline lattices.
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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 a-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 ¢ as follows:

BcosH_ 1_{_2 <Zsin9) 3)
A D U )
By plotting BC;SB Versus @ and fitting the data with a linear function, & 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 10%) 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 LaBe 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.
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Fig. 4. Williamson-Hall plots of selected W—Zr films with an a-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 a-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 B-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 m-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 w-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 a-Zr structure. Note that this observation can
be related to approximately opposite dimensions of the lattice parameters of the hcp lattices of

o-Zr and o-Zr.
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Fig. 5. Microstructure of W-rich films with an a-W(Zr) solid solution structure (green frame), amor-
phous W-Zr films (dark grey frame) and Zr-rich films with a B-Zr(W) (orange frame), ®-Zr(W) (blue
frame) or a-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
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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 a-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 3-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, B-Zr(W) and w-Zr(W). From the surface morphology of the
film with the pure o-Zr(W) phase (98 at.% Zr), it is obvious that the higher peaks originate
from the w-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 a-Zr structure is similar to that of
the film with the single-phase w-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 a-W(Zr) solid solution structure (green frame),

amorphous W-Zr films (dark grey frame) and Zr-rich films with a B-Zr(W) (orange frame), o-Zr(W)

(blue frame) or a-Zr (red frame) solid solution structures or their combinations.
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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 a-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 B-Zr(W) phase at the expense of the amorphous
one. It can be also seen that the films composed of a mixture of B-Zr(W) and w-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 o-Zr(W) or a-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 a-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 B-Zr(W), o-Zr(W) or a-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.
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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 x 107
Qm 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 a-W(Zr) structure. It is
about 5.6 x 107 Qm 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 x 107 Qm, 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 loffe-Regel limit)
independent of the chemical composition. A slightly lower value (around 10.5 x 10”7 Qm) 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 -Zr(W) phase is slightly higher than that
with the dominant o-Zr(W) phase and that is comparable with that of the film with the dominant

a-Zr phase.
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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—199 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 a-W(Zr) solid solution structure and columnar microstructure. A gradual substi-
tution of Zr for W in the bcc a-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 x 107 Qm)
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 a-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 x 10" Qm) 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 B-Zr(W) solid solution
(86 — 96 at.% Zr) through a metastable m-Zr(W) solid solution (94 — 100 at.% Zr) to the ther-
modynamically stable a-Zr phase (99 — 100 at.% Zr) with increasing Zr (decreasing W) content.
The films with the dominant B-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 @-Zr(W) or a-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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Keywords:

Self-formation of a unique dual glassy-crystalline structure in binary W-Zr system was observed for a film with

W-Zr 28 at.% Zr prepared by magnetron co-sputtering. The film is composed of conical columnar domains of «-W(Zr)
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solid solution structure surrounded by featureless 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 crys-

talline 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 suppose that the specific elemental composition and the
diffusivity or mobility of sputtered adatoms are crucial for the self-formation of the dual structure.

In the last decade, physical vapor deposition methods such as
magnetron sputtering have been demonstrated to be suitable deposition
techniques for preparing metallic glasses with exceptional physical and
functional properties in the form of thin films (TFMGs) [1,2]. Thanks to
non-equilibrium conditions of the glow discharge plasma and very high
cooling rates (higher than 10° K/s) on atomic scale at the substrate,
TFMGs can be prepared in a much wider composition variety and sol-
ubility than bulk metallic glasses (BMGs) that have been most prepared
by rapid casting processes based on melt quenching [3,4]. Moreover,
TFMGs have showed properties and characteristics that are superior to
BMGs, and metallic and ceramic coatings. While BMGs suffer from a lack
of plasticity due to shear banding phenomena occurring during defor-
mation [5,6], TFMGs show an improved plasticity and fatigue resistance
due to the size effect [7,8]. In contrast to ductile metallic and brittle
ceramic coatings, TFMGs have a better balance of ductility and strength
[9].

Recently, attention has also been drawn to prepare dual-phase alloys
comprising both glassy/amorphous and nanocrystalline metallic phases
with aim to overcome drawbacks of each component and further
enhance properties of the resultant material such as thermal stability,
ductility, and fracture toughness. Commonly used fabrication routes
encompass two-step processes of controlled annealing- or deformation-
induced nanocrystallization of metallic glasses and controlled solid-
state amorphization of crystalline materials. A challenging route is,
however, a direct one-step process allowing for a controlled in-situ
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formation of the dual-phase material. A few successful results have
been achieved for magnetron sputtered deposits in Al-Mo [10], Cu-Zr
[11], Ni-Zr [12,13] and Mg—Cu-Y [14] systems and electrodeposits in
Al-Mn [15] and Ni-W [16] systems. The structure of all these deposited
materials consists of homogenously dispersed nanocrystallites in an
amorphous matrix.

A very specific heterogenous dual-phase structure has been reported
very recently in magnetron sputtered Ti-Al [17], Zr-Mo [18] and Zr-W
[19] thin-film alloys. Independently of these works, we observed the
same type of the film structure during non-reactive magnetron
co-sputtering of W and Zr targets. The present short communication
therefore reports on the self-formation of this unique dual
glassy-crystalline structure consisting of submicrometer-sized conical
columnar crystalline domains of a-W(Zr) solid solution surrounded by a
W-Zr metallic glass. The aim of the paper is to provide conditions of the
formation and to characterize features of the unique structure in detail.
Much more extensive study focusing on systematic investigation of W-Zr
thin-film alloys in a very wide composition range is, however, still
ongoing.

Approximately 2 pm thick W-Zr films were deposited onto polished
and ultrasonically pre-cleaned Si(100) or Si(111) substrate without
external heating and voltage biasing in a magnetron sputter system (AJA
International ATC 2200-V). The substrates were rotating (40 rpm) at a
distance of 150 mm above two circular unbalanced magnetrons equip-
ped with a W target (2" diameter, 99.95% purity) and a Zr target (2"
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diameter, 99.7% purity), each of them connected to a dc power supply.
Before introducing argon (99.999% purity) as a sputtering gas (0.53 Pa),
a cylindrical stainless steel deposition chamber was pumped down to 5
% 107°Pa by a turbomolecular pump. A W/Zr concentration ratio in the
films was controlled by setting a ratio of the deposition rates from in-
dividual targets according to molar volumes of W and Zr atoms. The
rates were measured by a quartz crystal deposition rate monitor and
adjusted by controlling the dc target powers. The thickness of the films
was controlled by adjusting the deposition time.

The elemental composition of the films was analyzed in a scanning
electron microscope (SU-70, Hitachi) operated at a primary electron
energy of 20 keV using energy dispersive spectroscopy (EDS, UltraDry,
Thermo Scientific). W and Zr standards were used for the quantitative
analysis. The accuracy of the elemental analysis was established to be 1
at.%. The same electron microscope was used for imaging of the surface
of as-deposited films as well as their cross-sectional views. The cross
sections were prepared by simple breaking of the pre-scratched sub-
strate. This was done upon cooling in liquid nitrogen and at ambient
temperature.

The structure of the films was measured by X-ray diffraction (XRD)
using a diffractometer (X Pert PRO, PANalytical) working with Cu K,
radiation (Acy, = 0.154187 nm) at a glancing incidence of 2°. The film
thickness was measured by a surface profilometer (Dektak 8 Stylus
Profiler, Veeco). The surface topography and arithmetic average surface
roughness of the films was measured in semi-contact mode of an atomic
force microscope (AFM, SmartSPM, AIST-NT) equipped with a silicon tip
(nominal radius < 10 nm).

Fig. 1 shows XRD patterns of three W-Zr films of a different
elemental composition and structure prepared at a different combina-
tion of the target powers Py and Pz,. The most interesting film contains
28 at.% Zr, which corresponds to Py = 260 W and Pz, = 214 W. Its XRD
pattern (Fig. 1b) is characterized with a superposition of an amorphous
hump and a high-intensity diffraction peak at a 26 position of about 39°,
and other diffraction peaks at higher 20 angles. All diffraction peaks
correspond to the bee structure of a-W but they are shifted to lower 20
angles compared to a powder diffraction standard (PDF Card No.
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004-0806). This is because larger Zr atoms (155 p.m.) substitutes
smaller W atoms (135 p.m.) in the bec lattice and thus an «-W(Zr) solid
solution is formed. In addition, the amorphous hump is an indication
that the film is not crystalline completely, but it contains an amorphous
phase as well. This was corroborated by SEM imaging of the surface
morphology as shown also in Fig. 1. It is visible that a large number of
microscopic domains of a nearly ideally circular shape are observed on
the surface of the film. These are of different size but most of them are
approximately 4 pm in diameter. They touch each other in most cases
but some of them are separated by featureless areas. That is, a dual
structure with a crystalline and amorphous phase is formed in this film
in contrast to other two films.

The film prepared at Py = 260 W and Pz, = 165 W (Fig. 1a) contains
24 at.% Zr and exhibits a highly crystalline structure corresponding to
an o-W(Zr) solid solution. The shift of all diffraction peaks to lower 20
angles compared to the powder diffraction standard is smaller than for
the film with the dual structure due to a lower Zr content in this film. Its
surface morphology is uniform without a presence of featureless area.
On the other hand, the film prepared at Py = 254 W and Pz, = 260 W
(Fig. 1c) is X-ray amorphous and contains 33 at.% Zr. Its surface is very
smooth without an appearance of any crystalline domains. This is
because the single-phase «-W(Zr) solid solution structure becomes
thermodynamically unfavorable with gradually increasing Zr content
and the self-formation of the dual structure is limited only to a relatively
narrow composition window.

The dual structure was further imaged by SEM and analyzed. Surface
and cross-sectional micrographs at higher magnifications are shown in
Fig. 2. As visible in Fig. 2a and b, the internal structure of the circular
crystalline domains consists of submicrometer-sized oval grains resem-
bling hard shell clams. Their size is the largest in the center of the circle
domains and gradually decreases towards the edge. The area surface
roughness inside the domains measured by AFM has a value of around
12.2 nm, while that of the featureless areas is only around 0.2 nm. Such a
low value of the surface roughness is typical for amorphous or glassy
surfaces, as we have observed for ZrCu-based TFMGs [20-22]. It cor-
responds to the value of the film with 33 at.% Zr and the X-ray

2um
R

AFM topography

Fig. 1. XRD patterns, SEM top-view micrographs and AFM topography images of W—Zr films with 24, 28 and 33 at.% Zr. The film with 28 at.% Zr is characterized
with a dual glassy-crystalline structure. A very low-intensity diffraction peak marked by asterisk in Fig. 1a originates from the diffraction of (110) crystallographic

planes for Cu K radiation.
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Fig. 2. SEM micrographs of the surface (a)+(b) and cross section (¢)+(d) of W-Zr film with 28 at.% Zr and a dual glassy-crystalline structure. The film shown in (¢)

was broken in liquid nitrogen while the film in (d) at ambinet conditions.

amorphous structure (Fig. lec). On the other hand, the surface
morphology of the circular domains is similar to that corresponding to
the fully crystalline film with 24 at.% Zr.

Fig. 2c and d shows cross-sectional micrographs of the film on the Si
(100) substrates. It is seen that the circular domains observed on the
surface are the bases of cones that come up from the volume of the film,
often from the film/substrate interface. The axes of these cones are
perpendicular to the substrate surface. The microstructure is columnar
without remarkable voids between the columns. Most of the columns are
straight from their origin up to the surface but some of them are also of
V-shape characteristic for the competitive crystallographic growth. That
is, the internal microstructure of the crystalline cones corresponds to the
boundary between zone I and T according to the structure zone model
[23]. The submicrometer-sized oval grains observed on the surface in-
side the cone bases are terminations of the columns. The surroundings of
the crystalline cones are of a featureless morphology as typical for an
amorphous structure. If the film deposited on the Si(100) substrate is not
fractured in liquid nitrogen (Fig. 2c) but at ambient conditions (a tilted
cross-section image in Fig. 2d), the fracture surface of the amorphous
area contains typical rupture characteristics of metallic glasses such as
vein-like patterns and micro-scale striations [24,25]. These features are
a consequence of inhomogeneous plastic deformation with strain
localized in shear bands [26,27]. This observation provides evidence
that the amorphous phase is a metallic glass.

The conical shape of the crystalline domains suggests that primary
nucleation is initiated at the point corresponding to the apex of the cone.
Subsequently, a crystalline cell and then island of the W(Zr) solid so-
lution is evolved from the primary nucleus. As the deposition continues,
sputtered adatoms form a new adlayer. When atoms are incident on the
underlying crystalline island, they contribute to its columnar growth.
The atoms incident on or diffusing to the edge of the crystalline island
participate in nucleation and formation of a new column, as visible at
the interface between the crystalline and amorphous phase in Fig. 2c. Let
us note that the deposition is done without any additional substrate
heating and bias, therefore the mobility of adatoms is quite limited and
the nucleation and crystal growth are mainly governed by kinetics. Since
the crystalline domains grow in diameter evenly and nearly ideal cir-
cular discs are formed in each adlayer, the nucleation and crystal growth
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are considered to be isotropic. As a result, the conical shape of the
crystalline columnar domains is evolved in the volume of the film during
its growth.

The bases of the cones are projected to circular domains at surface.
Therefore, the surface ratio of the glassy-to-crystalline phase is depen-
dent on the film thickness. The larger the thickness is, the higher the
ratio is. For a specific thickness, the surface of the film will be
completely covered by the crystalline phase. The elemental composition
of the crystalline and amorphous phase is the same provided that the
arrival flux of deposited W and Zr atoms will be constant during the
whole deposition. This was verified by the measurement of the EDS
profile on an ion-polished specimen over the interface of both phases
(not shown).

The depth, where the primary nucleation occurs, is decisive for the
final diameter of the crystalline domains observed at the surface. The
deeper the nucleation initiates in the film, the wider the domain is at the
surface. This effect can be studied statistically simply by monitoring the
diameter of the circular domains at the surface. A histogram in Fig. 3
shows a concentration of the domains in respect to their diameter
counted from twenty SEM micrographs (125 x 88 pmz each) covering an
area of 0.22 mm? in total. The key information is that the histogram has
a relatively sharp upper limit (approx. 4.4 pm), which confirms that
there cannot be bigger cones than those growing from the substrate
surface. It can be also easily recognized that most of the conical domains
grow directly from or close to the substrate surface. That is, the proba-
bility of the formation of a stable nucleus of the critical size is much
higher on the surface of the Si substrates (otherwise the histogram would
be rectangular). This can be explained by a higher diffusivity of the
deposited adatoms on the clean, nearly atomically flat, surface of the Si
substrates contrary to newly formed adlayers of the metallic film with a
higher probability of binding.

Fig. 3 also shows a comparison of histograms corresponding to the
growth of the film on the Si(100) and Si(111) substrates. Despite both
histograms have a similar diameter distribution of the crystalline do-
mains, their concentrations are lower for the Si(111) substrate for all
cases. We attribute this behavior to different diffusivities of W and Zr
adatoms on the Si(111) surface compared to the Si(100) one. To initiate
the nucleation of the crystalline domains, W and Zr adatoms with an
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Fig. 3. Histograms representing a concentration of crystalline domains in
respect to their diameter counted from twenty SEM micrographs (125 x 88 pm?
each) covering an area of 0.22 mm? in total. A comparison of histograms cor-
responding to the growth of the film on the Si(100) and Si(111) substrates
is shown.

appropriate local composition ratio must encounter in a reasonable
time. The probability of the nucleation is then dependent on the diffu-
sivities of single atoms on the surface. It seems that this probability is
lower for the Si(111) surface compared to the Si(100) one. For instance,
the role of different diffusion coefficients on silicon surfaces was
demonstrated for Pb and Ge atoms [28,29].

In summary, we showed that a dual glassy-crystalline structure can
be formed in W-Zr films with 28 at.% Zr. The preparation of the dual
structure is very reproducible but very sensitive to the elemental
composition. The crystalline structure corresponds to «-W(Zr) solid so-
lution growing in columnar domains of a conical shape oriented with the
axes perpendicular to the film surface. The amorphous surrounding of
the conical domains exhibits features corresponding to a metallic glass.
The glassy-to-crystalline structure ratio on the surface can be controlled
by both the film thickness and a fine variation of the elemental
composition. This may provide a possibility to tune surface-sensitive
properties of W-Zr films.
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Hard and optically transparent amorphous Hf7B;¢Sis2CaNag, HfgB12Si29Y2CoN4s and HfsBy3SizsHo3CaNyg films
were prepared and 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 HfO; 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 changes are

detected up to 1315 °C and this temperature is shifted even to 1350 °C for the HfgB12Si2g¥2CaNys 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 transparency up to 1400 °C. The crystallization of the amorphous structure occurs

at around 1400 °C.

1. Introduction

In the last decade, HfB;-based ultra-high temperature ceramics have
been in the center of attention due to an interesting combination of
properties such as high melting point, high hardness, high thermal sta-
bility and high oxidation resistance [1-8]. These properties make them
appropriate candidates for high-temperature applications at tempera-
tures significantly exceeding 1000 °C [9]. Recently, we have also shown
that non-oxide ceramic coatings from the quinary Hf-B-Si—C-N system
can be promising candidates for high-temperature protection of optical
and optoelectronic devices or for applications in the field of capacitive
sensors used in severe oxidation environment [10-12].

In our previous paper [13], we specifically investigated the
high-temperature  behavior of an electrically conductive
Hf7B33Si22C6Ngg and an optically transparent HfgB21SijqCqNg7 film
annealed in synthetic air up to 1500 °C. We focused especially on the
evolution of the microstructure upon annealing, oxidation resistance
and the effect of nitrogen incorporation. Both of these films exhibited
exceptional oxidation resistance with very small mass changes up to
1500 °C, which was caused by a formation of a nanocomposite oxide
surface layer upon annealing serving as an efficient protective diffusion
barrier. This layer consisted of m-HfO, and o-HfO; or t-HfO.
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nanocrystallites surrounded by a SiOo-based amorphous matrix. While
the film with the higher nitrogen content remained amorphous under-
neath the oxide layer upon annealing to 1500 °C, the film with the lower
content of nitrogen was partially crystallized. Both films, however,
exhibited very high thermal stability of the elemental composition up to
1600 °C.

Recently, it has been also reported that mono- and disilicates of rare-
earth elements, such as Y, Yb, Ho etc., can form a more stable protective
barrier layer than pure silica in hot sections of gas turbine engines
[14-19]. While silica undergoes recession when reacting with
high-temperature steam, the silicates limit this reaction. In addition, the
monosilicates were revealed to be more stable in such a
high-temperature, high-pressure harsh environment than the corre-
sponding disilicates.

In the present paper, we investigate the effect of an addition of small
amount (2 — 3 at.%) of Y or Ho into Hf-B-Si—-C-N films in order to
prepare hard and optically transparent protective films with the thermal
stability significantly exceeding 1000 °C. The films were prepared by
reactive de pulsed magnetron co-sputtering of Hf, Si, B, C and Y or Ho
from a single target in an argon-nitrogen mixture.

We examine in detail the high-temperature oxidation resistance and
the thermal stability of the structure, hardness and optical properties of
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the films upon annealing in air and inert gasses (argon or helium) up to
1500 °C and 1600 °C, respectively. We pay particular attention to the
evolution of the structure, hardness, extinction coefficient and refractive
index of the films with increasing annealing temperature.

2. Experimental

Hf-B-Si(-Y/Ho)-C-N films were deposited by reactive pulsed dc
magnetron co-sputtering of a target (127 x 254 mm?) consisting of a
B4C plate overlapped by Hf, Si and Y or Ho stripes with the fixed 15% Hf
+ 50% Si + 5% Hf/Y/Ho fractions in the target erosion area. The
magnetron was driven by a pulsed dc Riibig MP 120 power supply
operating at a repetition frequency of 10 kHz and an average target
power of 500 W in a period with a fixed 50 ps negative-voltage pulse
length and short-lived high positive voltage overshoots (higher than
200 V, as shown and discussed in [10]). The base pressure before each
deposition was lower than 1 x 107 Pa. The total pressure of an
argon-nitrogen mixture used for the depositions was 0.5 Pa with a ni-
trogen fraction of 25%. The films were deposited onto Si(100), 6H-SiC
and Cu substrates. The SiC substrate was used for annealing experi-
ments above 1300 °C (to avoid melting of the Si substrate) and the Cu
substrate for DSC analysis. No significant effect of the substrate type on
the structure and the properties of the films was observed. The
target-to-substrate distance was set to 100 mm. The substrates were held
at a floating potential and the substrate temperature was 450 °C.

The thickness of the films was measured by a Veeco Dektak 8 Stylus
profilometer with a vertical resolution of 0.75 nm. The hardness of the
as-deposited and annealed films was measured by an ultramicroindenter
Fischerscope H100 with a maximum load of 20 mN. The measurement
error was calculated by using the WIN—HCU software using the Stu-
dent’s distribution with 95% probability.

The electrical resistivity of the films was measured at room tem-
perature by a standard four-point technique with a 1.047 mm spacing
between tips.

The structure of the as-deposited and annealed films on Si and SiC
substrates, was measured by X-ray diffraction (XRD) using a PANalytical
X'Pert PRO MPD diffractometer working in the modified Bragg—-
Brentano geometry with an w-offset of 1.5° and a CuK, radiation. The
samples were scanned by an ultrafast semiconductor detector X’ Celer-
ator over the 26-range from 8° to 60° with a scanning speed of 0.036°/s.
The structure of the powdered films (mechanically ground) was
measured in the standard Bragg-Brentano geometry over the 20-range
from 8° to 108° with a scanning speed of 0.071°/s.

The elemental composition of the films was determined by the
Rutherford backscattering spectrometry (RBS) and the elastic recoil
detection (ERD) methods. The contents of Hf, B, Si, Y, Ho, C, N, Zr, O and
Ar were measured by RBS, while the content of H by ERD. Regarding the
constitutive elements (Hf, B, Si, Y/Ho, C, N), the maximum measure-
ment error is 3 at.%. Regarding other elements detected in the film (Zr as
an impurity of the Hf stripes, H, O and Ar), their total content does not
exceed 4 at.%.

The mass changes of the Hf-B-Si(-Y/Ho)-C-N films on the SiC
substrates during dynamical annealing were measured by thermog-
ravimetry (TG) using a symmetrical high-resolution Setaram TAG 2400
system with an accuracy of +1 pg. The films with a size of 1 x 1 cm?
were annealed in air or helium at a flow rate of 1 I/h from room tem-
perature up to 1500 °C or 1400 °C, respectively, at a heating rate of 10
°C/min and cooling rate of 30 °C/min. After annealing in air, the ther-
mogravimetric signal corresponding to oxidation of the uncoated SiC
substrate side was subtracted to get the thermogravimetric curves cor-
responding to the oxidation resistance of Hf-B-Si(-Y/Ho)-C-N films
only.

The thermal stability of the structure and its crystallization was also
investigated by differential scanning calorimetry (DSC) using a Setaram
Labsys DSC 1600 system. For this purpose, Hf-B-Si(-Y/Ho)-C-N films
were deposited onto Cu substrates, which were chemically removed
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after the deposition by using nitric acid. Obtained fragments were then
mechanically ground in an agate mortar to provide a fine powder used
for the measurements. The powder with the total mass of 5 mg was
inserted into a 100 pl alumina crucible covered with a lid. An identical
uncharged crucible was used as a reference. The DSC measurements
were realized at the same heating and cooling rate of 40 °C/min in argon
at a flow rate of 1 1/h in the temperature range from room temperature
up to 1600 °C. Each measurement was immediately followed by a sec-
ond one under the same conditions to obtain a baseline. The calorimeter
was calibrated by melting of Pb, Zn and Al standards with purity of
99.998 =+ 0.001%.

The refractive index and the extinction coefficient of as-deposited
and annealed films and the thickness of the oxide layer formed on the
surface of the film after annealing were determined by using a J.A.
Woollam Co. variable angle spectroscopic ellipsometer (VASE). The
measurements were performed in the wavelength range from 300 to
2000 nm using angles of incidence of 65°, 70° and 75° in reflection. In
this paper we discuss values of refractive index and extinction coeffi-
cient at a wavelength of 550 nm. The optical data were fitted using the
WVASE software. The measurement errors of both optical constants are
safely below the presented differences resulting from annealing in He.

The microstructure of the as-deposited and annealed film in cross-
section was investigated by a Hitachi SU-70 scanning electron micro-
scope (SEM) using primary energy of electrons of 5 kV. The samples for
cross-sectional imaging were produced by breaking the substrate with
the as-deposited or annealed film after its cooling down to room
temperature.

3. Results and discussion

This section is divided into five subsections. In the first one, the
structure and properties of the as-deposited Hf-B-Si(-Y/Ho)-C-N films
are introduced. In the second one, results obtained by thermogravi-
metric measurements in air up to 1500 °C and helium up to 1400 °C are
shown in Figs. 1 and 3, respectively. The structure of the films after their
annealing in air to 1300 °C and 1500 °C is shown in Fig. 2. In the third
subsection, the evolution of hardness and optical properties of the films
annealed in helium is presented in Figs. 4 and 5, respectively. The fourth
subsection deals with DSC measurements in argon up to 1600 °C. The
corresponding DSC curves are depicted in Fig. 6 and the evolution of the
structure of the films annealed to 1350—1600 °C is shown in Fig. 7.
Finally, cross-sectional SEM micrographs of the as-deposited and
annealed films in helium are presented in Fig. 8.

) 1 )
1000 1200 1400
Temperature (°C)

T
600 800 1600

Fig. 1. Thermogravimetric curves of the Hf;B;0Si32C2N44 (orange dashed line),
HfB12Si20Y2CsNys (green dotted line) and HfsB,3Si2sH03C2N4g (blue solid line)
films measured in air at a heating rate of 10 °C/min. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 2. XRD patterns of the HfgB,2Si29Y2CaNas (green lines on the left side), HfsB13SiasHo3CaNag (blue lines in the middle) and Hf7B10Si32CaNa4 (orange lines on the
right side) films in as-deposited state and after their annealing in air to 1300 °C and 1500 °C. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
3.1. Structure and properties of as-deposited films

The Hf-B-Si(-Y/Ho)-C-N films discussed in this paper were sputter
deposited in the argon-nitrogen gas mixture with the fixed 25% Ng
fraction using the target with the fixed 15% Hf, 50% Si, 30% B4C and 5%
Hf/Y/Ho fractions in the target erosion area. Primarily these process
parameters determined the elemental composition (in at.%) of the films
to be Hf7B1(Si32CaN44, HfB12SiagY2CoNys and HfsBy3SiasH0o3CoNyg; let
us denote the films from now on as [Hf], [Y] and [Hol, respectively. The
[Hf] film was prepared as a reference sample in order to be able to
investigate the effect of an Y and Ho addition.

All films exhibit an X-ray amorphous structure in the as-deposited
state, having a thickness of 1.5 ym and a relatively high hardness of
about 22 GPa. The films are electrically non-conductive (the electrical
resistivity > 10® Qm) and optically transparent with a very low value of
the extinction coefficient (measured at 550 nm). The refractive index of
all films is in the range 2.22—2.25. All these properties of the as-
deposited films are summarized in Table 1.

3.2. Thermogravimetric measurements

Using thermogravimetric analysis, we investigated the oxidation
resistance of the [Hf], [Y] and [Ho] films in synthetic air up to 1500 °C
and their thermal stability in helium up to 1400 °C. Two temperatures of
1300 °C and 1500 °C were selected to characterize changes in the
structure of the films after annealing in air.

Thermogravimetric curves of the films annealed in air are depicted in
Fig. 1. Apparently, the [Hf] and [Y] films start to oxidize at temperature
about 1000 °C as opposed to the [Ho] film with an onset of oxidation at
1200 °C. Above these temperatures, the mass of all films increases
continuously, indicating that the formation of solid oxides in the films

Table 1
Properties of the as-deposited Hf-B-Si(—Y/Ho)-C-N films.
Sample  Composition(at.%) Hardness Refractive Extinction
(GPa) index (-) coefficient (-)
[Hf] HF,B10Si30CaNayg 225 + 0.3 2.23 5x10°*
[¥] HfgB12SizeY2CoNys 222+ 04 222 5x 1074
[Hol HfsB13SizsH03CoNgg 22,0 4 0.2 2.25 2x10°%
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prevails over the release of volatile oxides from the film upon annealing.
Simultaneously with oxidation, nitrogen molecules are released from
the films. Note that the mass change measured at a final annealing
temperature of 1500 °C was in all three cases lower than 25 pg/cm?

Fig. 2 shows XRD patterns of the [Hf], [Y] and [Ho] films in the as-
deposited state and after annealing in air to 1300 °C and 1500 °C. It
confirms the X-ray amorphous structure of all films in the as-deposited
state as mentioned above. Furthermore, it is evident that annealing of
the films to 1300 °C leads to the formation of HfO, nanocrystallites,
which are probably located in the oxide surface layer, similarly as re-
ported in our previous paper on Hf-B-Si-C-N films of different com-
positions [20]. In case of the [Hf] film, the monoclinic HfO5 (m-HfOs;
PDF Card No. 34-0104) and orthorhombic HfO5 (0-HfO2; PDF Card No.
04-003-6960) phases are detected. On the other hand, the addition of
yttrium or holmium into the films results in a stabilization of the
tetragonal HfO; (t-HfOy; PDF Card No. 08-0342) phase, the only crys-
talline phase detected in case of [Y] and [Ho] films after annealing to
1300 °C in air. Further annealing of [Hf], [Y] and [Ho] films to 1500 °C
leads to the growth of the HfO5 nanocrystallites and crystallization of
the cubic HfN (c-HfN; PDF Card No. 00-033-0592) and hexagonal SizN4
(h-Si3Ny4, PDF Card No. 04-015-3265) phases. In case of the [Y] and
[Ho] films, an asymmetry observed on the right shoulder of the first
high-intensity diffraction peak of t-HfO2 can be due to the presence of a
minor amount of o-HfO, nanocrystallites. We may speculate that the
stabilization of the t-HfO, phase is likely due to an incorporation of Y or
Ho into its lattice. Similarly, Y and Ho can be incorporated into the
lattice of HfN. Because we have, however, no direct evidence at the
moment (a subject of very detailed parallel TEM/SAED study), we term
these phases as t-HfO, and HfN.

Using spectroscopic ellipsometry, we also evaluated the thicknesses
of oxide layers formed on the surface after annealing of the films in air to
1500 °C. The lowest thickness was measured for the [Y] film with 194
nm, then for the [Ho] film with 202 nm and the highest one for the [Hf]
film with 243 nm. This confirms that the addition of yttrium or holmium
into the films has a positive effect on their oxidation resistance.

Thermogravimetric curves of the [Hf], [Y] and [Ho] films measured
in helium are shown in Fig. 3. It can be seen that there are no mass
changes up to about 1315 °C for all films. Above this temperature, mass
losses occur in the [Hf] and [Ho] films. On the contrary, an onset of the
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Fig. 3. Thermogravimetric curves of the Hf;B1(Si3,CoNyg4 (orange dashed line),
HfB12Si20Y2CoNys (green dotted line) and HfsB13Si25H03C2N.g (blue solid line)
films, measured in helium at a heating rate of 10 “C/min, with highlighted
temperatures of 1100 °C, 1300 °C and 1400 °C, where the properties of the
films were measured. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

mass loss of the [Y] film is shifted to a slightly higher temperature of
1350 °C, most likely due to the most stable amorphous structure of this
film. When the amorphous structure, however, becomes unstable, an
initiation of diffusion processes promotes segregation and crystallization
of different phases on the one hand and the formation and release of No
molecules from the film on the other hand. As a consequence, mass
losses are detected in the films.

3.3. Evolution of hardness and optical properties

The evolution of the hardness and optical properties of the [Hf], [Y]
and [Ho] films after annealing to 1100 °C, 1300 °C and 1400 °C (tem-
peratures highlighted by open circles on the TG curves in Fig. 3) in
helium in the thermogravimeter was studied by indentation tests and
spectroscopic ellipsometry, respectively.

Fig. 4 shows the hardness of the films as a function of the annealing
temperature. It is obvious that annealing to 1100 °C leads to an increase
in the hardness of the [Hf], [Y] and [Ho] films to 24.9 + 0.7 GPa, 25.7 +
0.6 GPa and 24.6 + 0.7 GPa, respectively. A similar enhancement of the
hardness with increasing annealing temperature was also observed in
amorphous Si-B-C—N films prepared in our laboratories [21]. Per-
forming ab-initio calculations, Houska et al. explained it as a result of a
thermally activated atomic rearrangement of a homogeneous amor-
phous structure into a heterogeneous mixture of Si-rich (around incor-
porated Ar atoms) and Si-poor amorphous nanoscale zones [22]. Since
the [Hf], [Y] and [Ho] films contain also about 2 — 4 at.% Ar, we ascribe

28
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Fig. 4. Evolution of hardness of the Hf;B1(Siz2CaNas (orange dashed line),
HfB12Si20Y2CoNys (green dotted line) and HfsB13SiasH03CoNag (blue solid line)
films with increasing annealing temperature up to 1400 °C in helium. Lines are
drawn as guides to the eyes. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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the enhancement of the hardness to the same mechanism.

As the annealing temperature is increased to 1300 °C, the hardness of
the [Y] film remains nearly the same (25.9 + 0.9 GPa) but decreases for
the [Hf] and [Ho] films. After annealing to 1400 °C, the hardness of all
films drops to values that are comparable with those of the as-deposited
films. This drop correlates well with the mass losses of the films (Fig. 3)
and might be related to structural transformations in the films.

The effect of increasing annealing temperature on the optical prop-
erties of the films is presented in Fig. 5. As can be seen from the top panel
of Fig. 5, the refractive index of [Hf], [Y] and [Ho] films slightly de-
creases upon annealing to 1100 °C. With increasing temperature to
1400 °C, the refractive index decreases steeply in all cases to about 1.90
for the [Hf] and [Ho] films, and to 1.97 for the [Y] film. This trend is
opposite in case of the extinction coefficient. In the bottom panel of
Fig. 5, one can clearly see an increasing tendency with increasing
annealing temperature. However, all films investigated are still optically
transparent after annealing to 1300 °C with an extinction coefficient
equal to or less than 1 x 10 2 The [Y] film retains its optical trans-
parency even after annealing to 1400 °C with an extinction coefficient of
1 x 1072

3.4. DSC measurements

The thermal stability of the amorphous structure of the films was also
investigated by differential scanning calorimetry. For this purpose, the
films were annealed in argon up to 1600 °C as powdered samples (for
more details about their preparation, see Experimental).

Measured DSC curves of all three films are depicted in Fig. 6. Obvi-
ously, there are no exothermic or endothermic peaks detected up to
approximately 1400 °C. Above this temperature, a relatively broad
exothermic peak is observed on each DSC curve. This peak can be
assigned to the transformation of the amorphous structure to a crystal-
line one. For deeper understanding of the crystallization process and
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Fig. 5. Evolution of refractive index (top panel) and extinction coefficient
(bottom panel), both measured at wavelength of 550 nm, of the
Hf7B10Si32C2N44 (orange dashed line), HfgB12SiagY2CaNys (green dotted line)
and HfsBy3SiasHo3CaN4g (blue solid line) films with increasing annealing
temperature up to 1400 °C in helium, Lines are drawn as guides to the eyes,
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. DSC curves of the Hf;BjpSizoCoNgs (orange dashed line),
HfB12Si29Y2CoNys (green dotted line) and HfsB13SizsHo3C2N4g (blue solid line)
films annealed in argon from room temperature up to 1600 °C with highlighted
temperatures corresponding to XRD patterns shown in Fig. 7. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

individual differences among [Hf], [Y] and [Ho] films, the powdered
films were annealed to temperatures highlighted on the DSC curves
(Fig. 6) and XRD patterns were then taken after cooling down to room
temperature (Fig. 7).

It is clearly seen that the thermal stability of the amorphous structure
of the as-deposited [Hf], [Y] and [Ho] films is corroborated by XRD up to
1350 °C. At 1400 °C, which is the temperature comparable with that of
the onset of the exothermic peaks (see Fig. 6), there is some evidence of
the formation of the c-HfN phase in all films. A detailed examination of
the XRD patterns revealed, however, a difference between the intensities
of the HfN diffraction peaks in the individual films. Since the intensities
are lowest in case of the [Y] film, its amorphous structure appears to be
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the most resistant against crystallization. This is also in agreement with
the results obtained by thermogravimetry (Fig. 3). Further increase in
the temperature up to 1420 °C leads to a slight increase in intensity of
the HfN peaks in all films while maintaining the trend of their lowest
intensity in case of the [Y] film. In addition, a very small response from
the h-SisN4 phase is also detected in the XRD patterns. Annealing to
1450 °C, which is accompanied by an increase in the intensity of the HfN
and Si3Ny4 peaks, still does not result in a fully crystalline film structure.
Just annealing to 1600 °C seems to cause a complete crystallization of
the structure of the films, consisting of c¢-HfN and h-SisNy
nanocrystallites.

In summary, the stability of the amorphous structure is the crucial
parameter determining the stability of hardness and optical properties of
the [Hf], [Y] and [Ho] films.

3.5. SEM imaging

The thermal stability of the microstructure of the films was also
investigated by SEM in the mode of secondary electrons. Fig. 8 shows
detailed cross-sectional micrographs (near the film/substrate interface)
of the [Hf] film in the as-deposited state and after annealing to 1300 °C
on the Si substrate, 1400 °C and 1410 °C on the SiC substrate, and the
[Y] and [Ho] films on the SiC substrate after annealing to 1410 °C in
helium in the thermogravimeter and cooling down to room temperature.
It is evident that the [Hf] film is very smooth and dense in the as-
deposited state (Fig. 8a). Its annealing to 1300 °C (Fig. 8b) does not
cause any visible changes in the microstructure. After annealing to 1400
°C (Fig. 8¢), a coarsening of the microstructure of the film near the film/
substrate interface is observed, which might be connected with the
crystallization of the film (the temperature is namely very close to that
observed for the crystallization of the powdered films in Figs. 7 and 8).
To confirm this, the [Hf] film was reannealed to 1410 °C and examined
in cross-section to see if the coarsening zone had grown in thickness.
Fig. 8d brings really evidence of this and the zone is nearly twice (1.8x)
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Fig. 7. XRD patterns of the HfgB12Si29Y2CaNas (green lines on the left side), HfsB13SiasHo3CaNag (blue lines in the middle) and Hf7B10Si32CaNa4 (orange lines on the
right side) powdered films after their annealing in argon to the temperatures highlighted in Fig. 6. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 8. Cross-sectional SEM micrographs of the Hf7B,(Si32C2Ng44 film in (a) as-deposited state and after its annealing in helium to (b) 1300 °C, (c) 1400 °C and (d)
1410 °C, and of (e) the HfgB12Si29Y2C2Nys film and (f) the HfsB138i25H03C2N4g film after their annealing in helium to 1410 °C. The crystallizing zones are highlighted
by dashed lines and the film/substrate interfaces by dotted lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

as thick as at 1400 °C. This more than likely suggests that the coarsening
of the microstructure is really connected with the crystallization of the
[Hf] film. A more detailed study is, of course, necessary and is a subject
of our parallel TEM/SAED analyses.

For comparison, the [Y] and [Ho] cross-sectional micrographs after
annealing to 1410 °C are also presented (Figs. 8e and 8f). It is evident
that the crystallization of both films starts at the film/substrate interface
as well. However, the thickness of their crystallizing zones is much
smaller compared to the [Hf] film. As seen, the thinnest crystallizing
zone is for the [Y] film (=~ 125 nm), then for the [Ho] film (=~ 250 nm)
and the thickest for the [Hf] film (= 900 nm). This observation confirms
the highest resistance to crystallization for the [Y] film, which is in
accordance with the results obtained by TG and DSC.

4, Conclusions

Hard and optically transparent Hf7B1Siz2CoNg4, HfgB12Si29Y2C2Nys
and HfsB;3SizsHozCoNyg films were prepared by reactive pulsed dc
magnetron co-sputtering. It was demonstrated that all of these 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. The effects of an addition of Y and Ho into
Hf-B-Si-C-N films were identified.

Using high-resolution thermogravimetric analysis, XRD and ellips-
ometry, 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-HfO5
phase upon oxidation to 1500 °C. There were no mass changes up to
1300 °C for the Hf7B1(Si32CaN44 and HfsB3SissHo3CoNyg films and even
up to 1350 °C for the HfgB12Si20Y2C2aN45 film upon annealing in helium.
The hardness of all films increased with increasing annealing tempera-
ture up to 1100 °C and the films were still optically transparent. In case
of the HfgB12Si29Y2CaNys film, the hardness increased even up to 1300
°C and the film remained optically transparent up to 1400 °C.

Differential scanning calorimetry in argon in combination with XRD
showed that the transformation of the amorphous structure to the
crystalline one starts around 1400 °C. Minute diffraction peaks from c-
HfN were observed in all films, but their intensities were the lowest for
the HfgB;5SizgY2CoNas film. Further increase of the annealing temper-
ature resulted in an improvement of the crystallinity of the films with an
appearance of other diffraction peaks corresponding to h-SizNg.

SEM imaging revealed that the crystallization of all films was initi-
ated 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 HfgB12Si2qY2CoNys film confirming its highest thermal
stability among the films investigated.

The results achieved suggest that the addition of Y has the most
positive effect on the high-temperature behavior and the
HfB12Si29Y2C2N4s5 film might be a good candidate for a potential use as
high-temperature protective coating of optical or optoelectronic
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I\VV 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 Zrs4Cuss and ternary Zra7Hf27Cuass
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 Zrs4Cuass thin-film alloy. It was found that the crys-
tallization of the Zrs4Cuss film takes place at a lower temperature and in two successive
steps in contrast to the Zro7Hf27Cuase 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 Zr27Hf27Cuss film for all conversion fractions o com-
pared to the ZrssCuss film (e.9. Ea =279 kJ/mol vs. 230 kJ/mol for a=0.5). This suggests
that the crystallization process of the Zro7Hf27Cuse film is more difficult and the film is
more thermally stable than the Zrs4Cuse film. The onset of the oxidation of the crystalline
Zrs4Cuge alloy, and the amorphous ZrssCuass and Zr7Hf27Cuse 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 Zrs4sCuss 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 ZrsaCuse film, and the amorphous Zrs4sCuass and Zr27Hf27Cuass
films, respectively. These results confirm that the most protective oxide layer is formed on
the surface of the Zr7Hf27Cuse film.
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2)

3)

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-AI-Cu metallic glasses, while a better oxidation resistance was achieved for

the Zr—Hf-Si—Cu metallic glasses.

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 a-W(Zr) solid solution structure and columnar microstructure. A gradual
substitution of Zr for W in the bce a-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 x 107" Qm) 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 a-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 x 10" Qm) 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 f-Zr(W) solid solution (86 — 96 at.% Zr) through a metastable ®-Zr(W)
solid solution (94 — 100 at.% Zr) to the thermodynamically stable a-Zr phase (99 — 100 at.%
Zr) with increasing Zr (decreasing W) content. The films with the dominant 3-Zr(W) phase
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4)

were observed to possess a slightly higher hardness, a lower surface roughness and a higher
electrical resistivity compared to the films with the dominant ®-Zr(W) or a-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.

Hard and optically transparent  Hf7B10Siz2CoNas,  HfeB12Si2eY2C2Nss  and
HfsB13SizsHosC2Nag 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-HfO phase upon oxi-
dation to 1500 °C. There were no mass changes up to 1300 °C for the Hf7B10Si32C2Nas4 and
HfsB13Si2sH0o3C2N4g films and even up to 1350 °C for the HfsB12Si29Y2C2Nas 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
HfeB12Si2oY2C2Nss 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 HfeB12Si20Y2C2Nas 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 HfsB12Si29Y2C2N4s 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 I, the aims of the thesis are defined.
Chapter I11, 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 ZrsaCuss and ternary Zro7Hf27Cuae
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 Zrs4Cuss 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 Zr,7Hf>7Cuae 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 Zrs4Cuas, and amorphous Zr,7Hf27Cuss 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 Zr>7Hf27Cuse 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 a-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 f-Zr(W) solid solution (86 — 96 at.% Zr) through a metastable
®-Zr(W) solid solution (94 — 100 at.% Zr) to the thermodynamically stable a-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 a-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 Hf7B10Siz2CoNas, HfsB12SizoY2CoNss and
HfsB13SizsH0o3C2Na4g 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 HfO. 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
HfsB12Si20Y2C2N4s 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

Diserta¢ni prace se zabyva vysSetifovanim vysokoteplotniho chovéni binarnich Zr—Cu, ternar-
nich Zr—Hf-Cu a kvaternarnich Zr—Hf-Al/Si—Cu tenkovrstvych kovovych skel a viceprvko-
vych keramickych vrstev Hf-B-Si—Y/H0o—-C—N a také piipravou a charakterizaci tenkovrstvych
slitin W-Zr.

Kapitola | je vénovana obecnému uvodu. V kapitole Il jsou definovany cile disertacni prace.
Kapitola 111, ktera je hlavni ¢asti této prace, je vénovana vysledkim ziskanym béhem doktor-
ského studia. Kapitola se sklada ze Ctytr Clanki publikovanych v mezinarodnich ¢asopisech

(Casti A, B, D a E) a jednoho konceptu védeckého ¢lanku pripraveného k publikaci (¢ast C).

A Krystalizaéni a oxida¢ni chovani binarnich ZrssCuass a ternarnich Zra7Hf27Cuse tenkovrs-
tvych kovovych skel bylo vySetfovano pomoci diferencidlni skenovaci kalorimetrie a ter-
mogravimetrie. Oxida¢ni chovani téchto vrstev bylo dale porovnano s oxida¢nim chova-
nim krystalickych tenkovrstvych slitin Zrs4Cuass. Pro vypocet aktivacni energie krystalizace
byla pouzita metoda Kissinger—Akahira—Sunose. Bylo zji§téno, ze aktivacni energie vrstvy
Zr7Hf27Cusse je vyssi pro vSechny stupné konverze, coz naznacuje, ze substituce Hf za Zr
vede ke zvyseni teplotni stability skelného stavu. Zna¢na pozornost byla vénovana také
izotermickému oxida¢nimu chovani amorfni a krystalické vrstvy Zrs4Cuse a amorfni vrstvy
Zro7Hf27Cuse. Aktivacéni energie oxidace, ktera byla urena z Arrheniovy rovnice pro vy-
pocet rychlostni konstanty oxidace, byla nejvyssi v pfipade vrstvy Zr2zHf27Cuse. To zna-
mena, ze oxidova vrstva vytvofena béhem ohtevu na povrchu vrstvy Zro7Hf27Cuase slouzi

jako nejuéinngjsi ochranna bariéra zabranujici diftzi ¢astic z nami vySetfovanych vrstev.

BV této ¢asti byl vySetiovan vliv pfidani Al (az 17 at.%) nebo Si (az 12 at.%) do ternarnich
tenkovrstvych slitin Zr—-Hf—Cu na jejich teplotni chovani a oxidaéni odolnost. VSechny
ptipravené vrstvy Zr—Hf—Al/Si—Cu mély amorfni strukturu, ale teplota skelného prechodu
byla rozpoznana pouze v piipadé vrstev do 12 at.% Al nebo 6 at.% Si. Bylo pozorovano,
ze pridani Al nebo Si do vrstev Zr-Hf—Cu vede ke zvyseni jejich teplotni stability. To lze
vysvétlit zvySujicim se podilem kovalentni sloZky ve smiSené kovalentné-kovové vazbé
v disledku zvySovani obsahu Al a Si ve vrstvach. Déle bylo pozorovéano, ze ptidani Al
do kovovych skel Zr—Hf-Cu vede k rozsifeni oblasti pfechlazené kapaliny a ptidani Si

ke zlepSeni oxidacni odolnosti kovovych skel Zr—Hf—Cu.
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C Vliv prvkového slozeni binarnich tenkovrstvych slitin W—Zr na vytvoteni rozdilnych struk-
tur a fazi ve vrstvach byl studovan ve velmi Sirokém rozsahu slozeni (3 — 99 at.% Zr). Byl
diskutovan vliv jednotlivych metastabilnich fazi na vyslednou mikrostrukturu a vlastnosti
vrstev. Bylo zji§téno, Ze struktura vrstev s vysokym obsahem W (az do 24 at.% Zr) je tvo-
fena tuhym roztokem a-W(Zr). Tyto vrstvy vykazuji zvySenou tvrdost (az 16,1 GPa) a
nizkou hodnotu zbytkového pnuti (az -0,05 GPa). Amorfni vrstvy W—Zr s velmi nizkou
drsnosti povrchu (az 0,4 nm) a charakteristickymi vlastnostmi kovovych skel byly pfipra-
veny V piipad¢ obsahu Zr mezi 33 a 83 at.%. Tvrdost téchto vrstev se s rostoucim obsahem
Zr postupné¢ snizovala, coz bylo zpiisobeno klesajici primérnou vazebnou energii. Na roz-
dil od krystalickych vrstev vykazovaly vSechny amorfni vrstvy tlakové pnuti. Vrstvy s vy-
sokym obsahem Zr (> 88 at.% Zr) byly krystalické a jejich struktura byla pievazné dvou-
fazova s postupnym pirechodem od metastabilniho tuhého roztoku B-Zr(W) (86 —
96 at.% Zr) pies metastabilni tuhy roztok o-Zr(W) (94 — 100 at.% Zr) az k termodynamicky
stabilni fazi a-Zr (99 — 100 at.% Zr). V piechodovych oblastech mezi plné krystalickou a

skelnou strukturou pak doslo k vytvoreni dvoufazové skelno-krystalické struktury.

D 'V pfipadé vrstvy W—Zr s 28 at.% Zr piipravené magnetronovym naprasovanim dochézi
b&hem depozice k vytvoreni unikatni dvoufazové skelno-krystalické struktury. Ta se sklada
Z konickych krystalickych oblasti tvofenych tuhym roztokem o-W(Zr) obklopenych
amorfnimi oblastmi, které odpovidaji kovovému sklu W—Zr. VétSina konickych oblasti,
jejichZ osy jsou kolmé k povrchu vrstvy, ma vrchol na povrchu substratu nebo v jeho bliz-
kosti. Tento bod (vrchol) je zaroven bodem primarni nukleace. Pomér skelné a krystalické
faze na povrchu vrstvy je pak zavisly na tloust’ce vrstvy. K vytvofeni této dvoufazové
struktury dochazi pouze ve velmi tzkém rozsahu prvkového sloZeni. Pfedpokladame, Ze
kromé& prvkového sloZeni vrstev hraje pii vzniku této dvoufazové struktury dilezitou roli

také difuzivita a mobilita napraSovanych atomu.

E Oxidacni odolnost a teplotni stabilita tvrdych a opticky transparentnich amorfnich vrstev
Hf7B10Si32C2Na4, Hf6B12Si20Y2C2Nas a HfsB13Si2zsH03C2Nag byla vysetiovana ve vzduchu
a inertnich plynech az do teploty 1600 °C. VySetiovan byl také vliv rostouci teploty
na strukturu, tvrdost a optické vlastnosti vrstev. Bylo zjisténo, Zze piidanim Y nebo Ho
do vrstev Hf-B-Si—-C—N dochazi ke stabilizaci tetragonalniho HfO2, ktery se nachazi
po ohievu v povrchové oxidové vrstvé. Nejtenci povrchova oxidova vrstva byla vytvorena
behem ohievu ve vzduchu Vv ptipad¢ vrstvy s Y. Béhem ohifevu v He nebyla u vysetiova-

nych vrstev pozorovdna zadna zména hmotnosti az do teploty 1315 °C (v ptipadé vrstvy
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HfsB12Si20Y2C2Nas dokonce do 1350 °C). Tvrdost vrstvy HfsB12Si2eY 2C2Nas se po ohievu
Vv He na 1300 °C zvysila z 22,2 na 25,9 GPa a tato vrstva ziistala opticky prihledné
I po ohfevu na 1400 °C. Ke krystalizaci amorfni struktury doslo pii teploté kolem 1400 °C.

Kapitola IV se vénuje zavérim diserta¢ni prace. V kapitole V je uveden seznam dalsich publi-
kaci kandidata.
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