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A B S T R A C T

Using magnetron sputtering of a segmented target in high-purity argon, this study investigates how the formation 
mechanisms of Zr–Ti–Ta–Mo–W–Ni high-entropy thin films depend on process parameters such as sputtering 
power Pw, substrate temperature Tc, and Ni concentration. At Ni concentrations of 8–15 at% and low vapor 
supersaturation levels (Pw=15 W, Tc=280–500 ◦C), structurally stable and chemically uniform high-entropy 
amorphous coatings are formed. Transmission electron microscopy (TEM) investigations have shown that the 
crystallization of the amorphous coatings occurs in the form of a single bcc phase at an annealing temperature of 
800◦C. Furthermore, it has been shown that at Tc = 440◦C, Pw = 15 W, and reduced Ni content (~3 at%), the bcc 
crystals preferentially nucleate and grow as nano-patterns aligned parallel to the (310) plane. Additionally, 
amorphous coatings demonstrate increased resistance to 4.8 MeV/u Au ion irradiation at a fluence of 5 × 10 ¹ ³ 
ions/cm², indicating their suitability as radiation-resistant protective layers.

1. Introduction

It is well known that the recently suggested concept of a high-entropy 
state is based on the mixing of five or more chemical elements in atomic 
fractions between 5 and 35 at% [1]. The configurational entropy of 
mixing is known to be proportional to the number of alloy constituents. 
Increased configurational entropy at elevated temperatures minimizes 
the Gibbs free energy, which in turn compensates for the formation 
enthalpy of intermetallic compounds and thereby favors the formation 
of single-phase solid solutions. The formation process of a solid solution 
that is chemically homogeneous at the atomic level is influenced by the 
physicochemical properties of the constituent elements. The latter 
include the difference in the atomic sizes of the constituent elements [1, 
2]. Thus, relatively small deviations from the average atomic size in
crease the probability of their mutual substitutional solubility and lead 
as a result to the formation of solid solution phases even at considerable 
solute concentrations. However, a significant difference in atomic sizes 
increases the probability for amorphous phase formation [1,2]. Besides 
that, parameters such as the electronegativity of the constituent 

elements, the contribution of entropy to the Gibbs free energy, and the 
total concentration of valence electrons [3,4] influence to different ex
tents the phase formation process and thus impact the resulting phase 
state of any high-entropy alloy [1]. Undoubtedly, the degree of mutual 
intermixing (and solution formation) of the constituent elements of a 
high-entropy alloy also largely depends on the technological parameters 
applied during alloy synthesis.

A homogeneous composition distribution of the deposited HEA thin 
films can be achieved through atomic condensation of the corresponding 
stoichiometric vapor flows. In most cases, ion sputtering of alloyed or 
segmented targets is used to create equiatomic vapor flows [5,6]. 
Magnetron sputtering plays an important role among different ion 
sputtering preparation methods. This method allows the formation of 
films with controllable microstructure, chemical composition and sur
face morphology by adjusting deposition parameters. Depending on the 
technological process parameters, HEAs can be synthesized in the form 
of single-phase and multi-phase solid solution phases, amorphous pha
ses, crystalline-amorphous dual phases [7], and in the form of nano
structures [8,9].
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HEAs attract significant research interest due to their numerous 
unique physical property combinations that are often different from 
conventional metallic alloys. These include high strength [10,11], 
structural and temperature stability [12], catalytic properties [13,14], 
corrosion resistance [15,16], anti-oxidative properties [17] and 
outstanding tribological properties [18]. Of particular importance is the 
study of high-entropy systems based on refractory metals, which can 
become the basis of structural materials for nuclear power applications 
[19–21]. It is well known that to prevent the zirconium vapor reaction in 
nuclear reactors, protective coatings can be applied to the outer surface 
of the zirconium cladding of fuel elements. However, it is worth 
mentioning that the practical synthesis of nanocrystalline HEAs is a 
rather challenging technological task. Therefore, from scientific and 
applied points of view, it is important to establish the transition from the 
crystalline to an amorphous phase and establish the technological con
ditions that allow the formation of HEA 3D systems in the form of pat
terns consisting of individual weakly interconnected nanocrystals. As 
shown by previous studies on the preparation of condensates of indi
vidual metals, this transition is possible when the vapor (plasma) - 
condensate system approaches thermodynamic equilibrium [22].

Based on the above, the main goal of this work is to study the effect of 
approaching thermodynamic equilibrium in the plasma-condensate 
system during the formation of Zr–Ti–Ta–Mo–W–Ni thin films and to 
adjust the Ni concentration to enable the transition from the amorphous 
to the crystalline state of the corresponding high-entropy condensates. 
Due to their potential importance as radiation-shielding materials, their 
resistance to irradiation with high-energy Au ions was also investigated 
systematically.

2. Experimental

2.1. Sample preparation

A technique for formation of HEA layers has been used that is based 
on unbalanced direct current magnetron sputtering of a segmented 
target with the elemental constituents in high-purity argon under the 
action of plasma onto the growth surface. For the fabrication of the 
segmented target 99,99 % pure Zr, Ti, Ta, Mo, W, Ni metals have been 
utilized (Fig. 1). The layers have been deposited on KCl cleavages and 
glass substrates. The developed technological approach is based on the 
phase transition of sputtered substances into the condensed state under 
conditions close to thermodynamic equilibrium in plasma-condensate 
systems [22–25].

When studying the structure formation mechanisms of single-metal 
patterned nanosystems [22–25], we have found that the presence of 
even small amounts of chemically active residual gases during the 
condensation of weak vapor flows determines the violation of the 
spatially distributed growth selectivity of the individual nanocrystals 
and, as a result, leads to the formation of continuous, most probably 
amorphous films of oxides, nitrides, etc. Therefore, considerable atten
tion has been devoted to the thorough purification of the working gas 
argon. For the purpose of controlled Ar purification, the vacuum 
chamber was equipped with two additional titanium (Ti) magnetron 
sputtering devices and with a MX7304A mass spectrometer. In this case, 
the purification procedure was based on the absorption of chemically 
active residual gases by the titanium film that acts as a strong residual 
gases getter. The resulting Ti layer has been deposited on the inner 
surface of the working chamber. The purification of the working gas 
continued throughout the deposition process of the high-entropy layers. 
The total partial pressure of chemically active gases at an argon pressure 
of ~ 2.5 Pa was ~ 8⋅10− 8 Pa. The schematical representation of the 
sputtering process is indicated in Fig. 1.

2.2. Realization of near-equilibrium conditions during the condensation 
of Zr–Ti–Ta–Mo–W–Ni layers

It is well known that the main technological parameters that affect 
the structure formation mechanism include the vapor pressure above the 
growth surface (Pc) and the corresponding equilibrium pressure value 
(Pe), as well as the growth surface temperature (Tc). Together, these 
parameters determine the relative supersaturation of the deposited va
pors (ξ) in the form of the relationship [25]: 

ξ ≈
Pс − Pe

Pe
(1) 

Conditions close to thermodynamic equilibrium in plasma- 
condensate systems can be described in terms of small values of the 
relative supersaturation ξ. At the same time, the equilibrium pressure 
value Ре depends on the desorption energy Ed of the adatoms and the 
growth temperature Тс according to the expression [22,25]: 

Pe∝exp
(

−
Ed

kbTc

)

(2) 

Here kb is the Boltzmann constant.
It should be noted that in the presence of a significant number of 

components in the vapor flow, it is necessary to consider the partial 

Fig. 1. Schematical representation of the sputtering process and the flow chart of the irradiation process (1 – the slits; 2 – Faraday cup; 3 – the luminescence screen 1; 
4 – the gate valve; 5 – the luminescence screen 2; 6 – the samples holder).

A. Kornyushchenko et al.                                                                                                                                                                                                                     Journal of Alloys and Compounds 1047 (2025) 184918 

2 



pressure of each component and also to take into account the structure 
and elemental composition of the growth surface. All these factors 
significantly complicate the understanding and calculations of the nu
merical value of the relative supersaturation. At the same time, ac
cording to expressions (1) and (2) the transition from amorphous to 
crystalline phase state in the process of their formation is possible when 
the deposited flow of the multicomponent vapor (or Pc) is reduced by 
reducing the power Pw applied to the magnetron sputtering device, with 
a simultaneous increase in Tc. Because these two technological param
eters are well controlled, it is not necessary to determine the precise 
numerical value of ξ. Additionally, it is preferable to use alloy compo
nents with approximately equal values of Pc at a fixed Tc. In the present 
study, for the Zr–Ti–Ta–Mo–W–Ni system, the above-mentioned crite
rion was taken into account during the selection of the constituent ele
ments, with the exception of Ni. The refractory metals have been chosen 
in such a way that they have comparable and rather low values of 
equilibrium pressure at the same temperature. As a result, for the 
chemical elements selected for the coating composition, approaching of 
the plasma-condensate system conditions to the thermodynamic equi
librium can be performed while maintaining the nominal elemental 
composition of the deposited film.

When using only one external magnetic section in the magnetron 
sputtering, i.e., unbalanced magnetron sputtering, the magnetic field 
approaches directly to the substrate surface, which in turn significantly 
enhances the influence of the plasma onto the growth surface. As a result 
of such plasma effect, the growth surface temperature Tc increases. Be
sides that, the direct energy transfer from plasma particles to the 
adsorbed atoms takes place in this case. This plasma-induced effect re
duces the probability of adatoms full thermal accommodation, thus 
facilitating their re-evaporation. In other words, the effect of the plasma 
onto the growth surface reduces the desorption energy to an effective 
value [22,25]: 

Еdf = Ed − δE (3) 

where δЕ is the stochastic value of the desorption energy decrease, 
which has an average value proportional to the plasma temperature.

2.3. Characterization

X-ray diffraction (XRD) analyses were conducted using a D5000 X- 
ray diffractometer (Siemens) with Cu Kα radiation. Measurements were 
performed in Bragg-Brentano geometry, utilizing a step size of 0.02◦ and 
an integration time of xy seconds while rotating the sample stage. The 
surface morphology and elemental composition of the high-entropy 
alloy (HEA) samples were examined via scanning electron microscopy 
(SEM, Nova NanoSEM 230 FEI), equipped with an energy-dispersive X- 
ray spectroscopy (EDX) detector (EDAX) for localized elemental anal
ysis. The film thickness was measured using a BRUKER Dektak XT 
Profilometer.

Microstructural characterization was carried out using transmission 
electron microscopy (TEM, FEI Titan Themis 60–300 G3), which fea
tures a high-brightness field emission gun (XFEG), a monochromator, a 
Cs image corrector, and a quadrupole EDS system for sensitive chemical 
analysis. Additional detectors included a high-angle annular dark-field 
(HAADF) detector (Fischione Model 3000) and a 4k × 4k CMOS cam
era (Ceta). TEM analyses encompassed bright-field imaging, high- 
resolution TEM, selected area electron diffraction (SAED), and chemi
cal composition mapping. The TEM was operated at an acceleration 
voltage of 300 kV and an extraction voltage of 3.45 kV. Scanning 
transmission electron microscopy (STEM) combined with HAADF im
aging was employed to investigate the structural and compositional 
features of the HEA films.

For lamella preparation, a dual SEM/FIB system (ZEISS Crossbeam 
340) was used. To minimize surface damage during FIB milling, a pro
tective layer of platinum was deposited prior to lamella extraction. Post- 

irradiation swelling effects were assessed using a Keyence VK-X laser 
scanning microscope (LSM), providing precise topographical measure
ments of the sample surface.

2.4. Ion irradiation

Ion beam irradiation was performed at the linear accelerator UNILAC 
at GSI (Helmholtz-Zentrum für Schwerionenforschung Darmstadt) at the 
M3-Branch beamline. The irradiation experiments of this work have 
been performed in the oven chamber at 10− 6− 10− 7 mbar vacuum at 
room temperature. The HEAs have been irradiated with Au ions having 
energies 4.8 MeV/u to total fluences 1ˑ1011 ions/cm2; 2ˑ1012 ions/cm2; 
5ˑ1012 ions/cm2; and 5ˑ1013 ions/cm2, respectively. The flow chart of 
the irradiation process is given in Fig. 1.

3. Results and discussion

3.1. Structural and morphological characteristics of Zr–Ti–Ta–Mo–W–Ni 
layers

The first series of experiments has been performed to obtain 
Zr–Ti–Ta–Mo–W–Ni films at relatively low (Pw=15 W, Tc=280◦C) and 
high (Pw=85 W, Tc=60◦C) supersaturations on fresh KCl single crystal 
cleavages. Fig. 2 shows the representative HR-TEM, SAED patterns, and 
BF STEM images of the HEAs layers. The HRTEM image (Fig. 2a and 
Fig. 2c) shows no crystalline areas. Diffuse halos typical for amorphous 
alloys are observed in the SAED patterns (Fig. 2b), that additionally 
confirm the amorphous nature of the structure investigated. The varia
tions in contrast are attributed to variations in the thickness because of 
the increased surface roughness of the layers obtained at high super
saturations. A pronounced surface roughness (Fig. 2d) can be caused by 
insufficient energy of the depositing ions and, as a result, by their low 
mobility at increased supersaturation values ξ. This effect has been re
ported previously for magnetron sputtering [26]. The structural dis
ordering of the obtained layer is also explained by random 
atom-by-atom adatom attachments on the growth surface that occur 
according to Poisson statistics with the possibility of realizing rather 
weak chemical bonds.

With a decrease in ξ by means of a decrease of the discharge power, 
and increase in the growth temperature, the layer structure becomes 
more homogeneous (Fig. 2e-h). No crystallites or ordered regions are 
detectable in the HR-TEM image (Fig. 2e) for layers grown at 280◦C. 
Electron diffraction additionally confirms that the films are amorphous 
(Fig. 2f). However, the radial intensity distribution in the electron 
diffraction patterns is less blurred. These facts may indicate some 
structural ordering at the level of short-range order, that is additionally 
confirmed by azimuthal integral profiles (Fig. 3) obtained using PASAD 
electron diffraction analysis [27]. In contrast, a more homogeneous 
morphology (Fig. 2h) seems to arise from a higher diffusivity of the 
atomic species on the surface at higher growth surface temperatures 
under conditions of low supersaturation.

Based on the STEM-EDX results, layers with a uniform elemental 
distribution are formed both at relatively low supersaturation (Fig. 4a) 
and at higher supersaturation (Fig. 4b), with no observable signs of 
segregation. Under conditions of high supersaturation, layers with a 
composition of Ti0.26Ta0.17Mo0.18Ni0.17 Zr0.13W0.09 are obtained, the 
decrease in the ξ value determines the formation of Ti0.28Ta0.21 
Ni0.18Mo0.11Zr0.11W0.11 layers. From the distribution of the elemental 
composition at relatively low (Fig. 4a) and high (Fig. 4b) supersatura
tions, we can conclude that the degree of mixing of the components 
decreases with the increase of the supersaturation of the depositing 
multicomponent vapor.

After annealing of the low-temperature formed films (structure in 
Fig. 2a-d) in vacuum for a prolonged period of time at a temperature of 
280◦C, a structural reorganization occurred at the short-range order 
level (Fig. 5). This is evidenced by the change in the radial intensity 
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distribution of the electron diffraction patterns before (Fig. 2b) and after 
(Fig. 5b) annealing, as shown in the azimuthal integral profiles in Fig. 3. 
In addition, cracks appeared in the films after the annealing (Fig. 5c), 
which also indicates a restructuring. At the same time, annealing ex
periments with samples synthesized at Pw= 15 W, Tc= 280◦C have not 
shown any evidence of morphological or structural changes after their 
long-term annealing at 280◦C. It is important to emphasize that under 
the technological parameters of the first series of experiments, the 
single-crystalline state of the KCl substrate does not promote the tran
sition to a crystalline phase.

In the second series of experiments, the supersaturation was further 

reduced by increasing the growth surface temperature up to 400◦C using 
the previous value of the magnetron sputtering power (Pw=15 W). The 
concentration of Ni in the films varied from 3 to 8 at% and glass was 
used as substrate material. Despite the sufficiently high Tc values and 
relatively small deposition vapor flows in the presence of an increased Ni 
concentration, according to X-ray phase studies, the layers were amor
phous (Fig. 6a,b,c).

The surface investigations by SEM at different magnifications indi
cate the formation of layers with featureless morphologies and smooth 
surfaces (Fig. 6a,b). In this case, coating layers with a composition of 
Ti0.25Ta0.22 Mo0.21Zr0.12W0.12 Ni0.08 are formed with a uniform distri
bution of the chemical elements (Fig. 6d). The stability of the amorphous 
phase has been investigated through in-situ heating experiments inside 
the TEM. For this purpose, a TEM lamella with a protective Pt coating 
has been prepared. The initial distribution of the elementals before the 
heating indicates insignificant changes in the elemental composition 
along the thickness of the lamella and a high degree of intermixing of the 
components (Fig. 7a,b). The transition to the crystalline phase was 
recorded after annealing directly in the TEM at a temperature of 800◦C. 
The crystallization process is observed in Fig. 6f, which indicates the 
presence of a bcc phase with a lattice constant of 0.321 nm. At the same 
time, the transition to the crystalline phase is accompanied by the 
diffusion of Pt atoms to a depth of ~1.3 μm and Ti atoms to the surface of 
the sample (Fig. 7d,e). The above-described processes were not observed 
at annealing temperatures below 800◦C (Fig. 7c), which might be due to 
the typical Arrhenius-type temperature dependence of diffusional pro
cesses. Additionally, the migration of a transformation front, as involved 
in the crystallization of an amorphous phase, is known to accelerate the 
atomic mobility.

The transition to the crystalline phase was observed when the Ni 
concentration was reduced to 3 at%, as well as under the condition of 

Fig. 2. Results of HRTEM studies at different magnifications, electron diffraction patterns as well as BF STEM images of ZrTiTaMoWNi layers obtained at Pw = 85 W, 
Tc = 60◦C (a,b,c,d) and formed at Pw = 15 W, Tc = 280◦C (e, f, g, h).

Fig. 3. Azimuthal integral profiles obtained from the electron diffrac
tion patterns.
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the magnetron sputtering power remaining at (Pw=15 W) and the 
growth surface temperature increasing up to 440◦C. The specified 
transition, in our case, is supposed to occur due to the decrease in 
relative supersaturation with an increase in Tc and a possible decrease in 
entropy due to a decrease in the nickel concentration. In this case, 
Ti0.3Ta0.21Mo0.18Zr0.15W0.13Ni0.03 layers were formed on glass, the 
concentration of the components is presented without the oxygen 
component. The transition to the crystalline phase itself was accompa
nied by the formation of a weakly interconnected system of crystals in 
the form of patterns (Fig. 8a-c). At the same time, SEM studies of the 
growth surface at increased resolution (Fig. 8c) indicate their atomically 
rough surface, which probably determines its chemical activity and the 
corresponding adsorption of a significant amount of oxygen on the 
surface (Fig. 8d). It should be noted, that SEM and EDX investigations 
have been performed in different substrate positions, and results ob
tained show homogeneity of the layer morphology and chemical 
composition. The films with such homogeneous morphology can be 
obtained on substrates with areas few cm2.

TEM, HR-TEM, SAED, STEM HAADF investigations of the layer 
structures are presented in Fig. 9a-f. XRD studies (Fig. 9g) indicate the 

presence of only one diffraction maximum (Fig. 9g), which corresponds 
to an interplanar distance of 0.1026 nm. The limited information from 
X-ray diffraction studies due to the strong texture was supplemented by 
TEM (Fig. 9a) and HR-TEM investigations (Fig. 9b,c) and electron 
diffraction (SAED) (Fig. 9d). The analysis of the results indicates that the 
middle parts of the elongated structural elements have a structure close 
to a single-crystalline state. The conclusion is confirmed by HR-TEM 
investigations (Fig. 9c) and by the corresponding electron diffraction 
patterns (Fig. 9d). The distribution of the elemental compositions 
(Fig. 9h) along the layer thickness indicates its homogeneity, as well as 
the concentration of oxygen predominantly on the surface.

The evaluation of the electron diffraction patterns showed that layers 
are formed, based on a crystalline phase with bcc structure having a 
lattice constant of ~ 0.321 nm. However, as shown by STEM (Fig. 9e,f), 
structural fragments nucleate and grow over time on the surface of the 
central crystalline part, which have a predominant growth direction and 
represent the major volume fraction of the condensate. Based on this, it 
can be assumed that the side fragments cause the dominant contribution 
to the XRD signal and are similar in crystal structure to the central parts. 
It should also be emphasized that the distance between the (310) planes 

Fig. 4. Elemental analyses of the layers’ using STEM-EDX.

Fig. 5. Results of HR-TEM, SAED as well as BF-TEM of the layers annealed at 280◦C.
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calculated on the basis of the electron diffraction pattern (Fig. 9d) 
approximately corresponds to the value of 0.102 nm. Bearing in mind 
the result of the XRD studies (Fig. 9g), it can be said that the nucleation 
and subsequent growth of the entire array of crystals is governed by the 

crystal formation along a common growth direction perpendicular to the 
(310) crystallographic plane that is parallel to the substrate surface.

We also investigated the influence of the elemental composition on 
the structure formation mechanisms of the patterned layers while 

Fig. 6. (a, b) SEM surface morphology investigations at different magnifications; (c) XRD patterns of the layer; (d) SEM-EDX spectrum image; (e) SEM-EDX 
elemental mapping.

Fig. 7. (a-e) STEM-EDX investigations of the changes of the elemental compositions along the thickness of the films: (a, b) before annealing; (c) after annealing at a 
temperature of 700◦C; (d, e) after annealing at a temperature of 800◦C; (f) HR-TEM studies of the microstructure of the layer after annealing at 800◦C (insertion: 
corresponding selected area electron diffraction pattern).
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keeping the Ni concentration constant. It has been established that the 
change in the concentration of Zr from 10 to 19 at%, Mo from 22 to 35 at 
%, Ti from 18 to 30 at%, Ta from 15 to 20 at% and W from 13 to 16 at%, 
has no effect on the structural and morphological characteristics. To 
conclude, analyzing the entire set of the experimental data, no particular 
Ni concentration and technological parameter values have been found 
that correspond to the transition from an amorphous to the crystalline 
state in ZrTiTaMoWNi thin films. At the same time, a tendency to form 
crystalline films in the form of patterns at decreasing Ni concentration, 
together with a reduction of the relative supersaturation of the deposited 
vapor has been observed.

3.2. Resistance of Zr–Ti–Ta–Mo–W–Ni layers to the impact of swift heavy 
Au ions

From scientific and applied points of view, it is important to establish 
differences in structural changes under the action of swift heavy ions 
(SHI) on the amorphous or crystalline layers with approximately the 
same elemental composition. For this purpose, for the irradiation with 
Au ions with an energy of 4.8 MeV/u, we used pre-characterized 
amorphous and crystalline films having the corresponding elemental 
compositions Zr0.12Ti0.25Ta0.22Mo0.21W0.12Ni0.08 and Zr0.15Ti0.3Ta0.21

Mo0.18W0.13Ni0.03, respectively. In this case, structural changes were 
studied after irradiating the material with Au SHI at the following flu
ences: 1 × 1011 ions/cm2; 2 × 1012 ions/cm2; 5 × 1012 ions/cm2; 

5 × 1013 ions/cm2. TEM investigations have shown that irradiation of 
the amorphous samples with fluences of 1 × 1011 ions/cm2; 2 × 1012 

ions/cm2; 5 × 1012 ions/cm2, of 5 × 1013 ions/cm2 did not cause any 
changes in the microstructure nor did they cause any crystallization of 
the samples. In Fig. 10, the results of TEM, SAED, and STEM in
vestigations and STEM EDX elemental mappings are presented for the 
amorphous sample after irradiation with Au ions with a fluence of 
5 × 1013 ions/cm2. It is observed that the irradiation with a fluence of 
5 × 1013 ions/cm2 has not caused any changes in the structural state of 
the film (Fig. 10 a,c). Changes of the contrast in the form of vertical lines 
in the HAADF-STEM image (Fig. 10 c) could be attributed to a FIB 
curtaining effect that stems from TEM sample preparation. The electron 
diffraction studies (Fig. 10 b) have not revealed significant changes in 
the intensity distribution of the electron diffraction patterns. Even after 
the irradiation with Au ions with the maximum fluence applied in this 
study, the samples are still amorphous, which evidences the high 
structural stability and outstanding irradiation resistance of this mate
rial. Analyses of the distribution of elements in the amorphous 
condensate (Fig. 10 d) indicate no signs of segregation after irradiation.

To detect structural changes, SEM studies of the surfaces of the 
amorphous films (Fig. 11a) were carried out. A careful comparative 
analysis of the corresponding SEM images of a non-irradiated (Fig. 6a) 
sample that has a homogeneous surface without any features and the 
sample irradiated with a fluence of 5 × 1013 ions/cm2 indicates a higher 
roughness of the surface layer in the second case, which is the result of 
the action of Au ions with high energies. Besides that, after irradiation 
with a fluence of 2 × 1012 ions/cm2 or higher, swelling is observed to 
occur in the samples (Fig. 11 b). The step size between regions covered 
with a mask and irradiated areas of the sample surface measured by laser 
scanning microscopy (LSM) for a fluence of 2 × 1012 ions/cm2 was 
measured as 208 nm. However, taking into account that the samples 
have a thickness of about 3 µm, the swelling effect could also be 
explained by volume changes of the substrate material, in this case glass, 
under the action of high energy Au ions. Besides that, the sputtering of 
the upper surface layer could lead also to a decrease of the thickness of 
the deposited material.

The action of Au ions on crystalline layers leads to significant 
changes of their microstructure. Thus, even at relatively low fluences 
(~1011 ions/cm2) signs of structural disordering appear in crystalline 
films, such as the appearance of diffraction maxima in the form of 
blurred rings in electron diffraction patterns (Fig. 12 a). Upon irradia
tion of the crystalline films with a fluence of 5 × 1013 ions/cm2, a 
transition to a polycrystalline structure occurs with an average crystal
lite size of ~1–3 nm with structurally disordered boundaries between 
them (Fig. 12). This conclusion is supported by the blurring and splitting 
of diffraction maxima in electron diffraction patterns (Fig. 12 e,f), as 
well as by the fact that the lattice parameter of the bcc lattice after 
irradiation increased approximately by 0.0007–0.0011 nm. Along with 
this, pores are formed (Fig. 12b,c) and evolve (Fig. 12d). Based on the 
fact that the elemental compositions of the amorphous and the crystal
line films differ little, the resistance of the condensates to irradiation is 
mainly determined by their phase state.

Thus, the obtained results indicate a significantly higher resistance of 
the amorphous phase to irradiation. It is known [19–21] that the rela
tively high radiation resistance of high-entropy polycrystalline coatings 
is based on an effective recombination of radiation-induced point de
fects, primarily at structurally disordered boundaries between crystal
lites. At the same time, as our studies have shown, the transition from a 
large-grained polycrystal to a nanostructured coating with disordered 
grain boundaries under the influence of irradiation was accompanied by 
the appearance and further growth of radiation-induced pores (Fig. 12
b-d). In this case, the diffusion of point defects into a structurally 
disordered boundary between several crystallites (Fig. 12) exceeds the 
capability of the recombination processes. Therefore, it is supposed that 
there is a critical pore size upon which the recombination has a low 
probability, so that after exceeding the critical size, further growth 

Fig. 8. SEM images of the morphology of the layers (a, b, c) and their corre
sponding elemental compositions (d).
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occurs via single vacancy attachment (Fig. 12). Thus, the crystalline 
films are more prone to failure under high-energy Au irradiation, since 
they lack of an effective mechanism for the relaxation of structural de
fects, leading to their effective agglomeration and subsequent pore 
formation.

A comparison of SEM images of the surface morphology of a non- 
irradiated crystalline film (Fig. 13 a) and a film after irradiation with 
fluences of 5 × 1012 ions/cm2 (Fig. 13 b) and 5 × 1013 ions/cm2 (Fig. 13
c), respectively, evidence an increase of the surface roughness after the 
irradiation. The observed irradiation-induced nanostructuring and the 
subsequent increase of the surface-to-volume ratio of the layers could be 
beneficial for applications of such HEA layers as catalysts, because it is 
known that the specific surface area plays an important role for the 
catalytic performance of a given material.

In the amorphous layers, on the contrary, sluggish diffusion hinders 
the mobility of radiation-induced defects, reducing the likelihood of 
these defects to form larger pores. Additionally, amorphous materials 
may exhibit alternative and potentially more effective relaxation 
mechanisms, such as those associated with the well-known phenomena 
of “structural relaxation” or “aging”. However, we believe that amor
phous layers are not inherently more radiation-resistant. It has been 
shown in the present work that condensation of multicomponent vapors 
at relatively high supersaturations results in the formation of amorphous 
systems that are structurally in a non-equilibrium state. As a result, for 
such layers even local temperature excursions caused by high-energy ion 

irradiation could induce significant structural changes at the short-range 
order level, accompanied by the development of substantial residual 
stresses that could subsequently cause crack formation (Fig. 5d). In 
contrast, near-equilibrium condensation in a high-purity inert environ
ment promotes the formation of structurally more relaxed amorphous 
phase, which exhibits enhanced resistance to the failure mechanisms.

4. Conclusions

It has been demonstrated that using magnetron sputtering from a 
segmented target in high-purity argon, depending on the condensa
tion temperature, the magnetron discharge power, and Ni concen
tration, high-entropy Zr–Ti–Ta–Mo–W–Ni layers with different 
structural and morphological characteristics can be reproducibly 
formed.
The amorphous films produced under conditions of high relative 
supersaturation (Pw = 85 W, Tc = 60 ◦C) exhibit non-equilibrium 
structural state, as evidenced by significant short-range order rear
rangement even at relatively low annealing temperatures (~ 280◦C).
It has been established that under conditions of low relative super
saturation (Pw = 15 W, Tc = 400◦C) and Ni concentrations of 
approximately 8–15 at%, the formation of structurally stable high- 
entropy amorphous coatings is favoured. These layers exhibit 
enhanced elemental intermixing, resulting in a more homogeneous 
atomic distribution throughout the film. Upon annealing at elevated 

Fig. 9. (a) TEM; (b, c) HR TEM images at different magnifications; (d) SAED; (e, f) HAADF-STEM images at different magnifications; (g) the results of the XRD 
analysis; (h) STEM-EDX elemental mapping.
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Fig. 10. (a) TEM; (b) SAED; (c) STEM HAADF studies of the structure and (d) STEM EDX elemental compositions in the amorphous layers after their irradiation with 
Au ions with a fluence of 5 × 1013 ions/cm2.

Fig. 11. SEM investigations of the amorphous sample after irradiation(a); LSM measurement of the step height (b).

Fig. 12. (a) SAED of a crystalline sample after irradiation with Au ions at a fluence of 1011 ions/cm2 and the corresponding microstructure (b, c, d); (e) SAED pattern 
and details of the diffraction maximum; (f) detail from (e) at higher magnification after the irradiation of the crystalline layer with a fluence of 5 × 1013 ions/cm2.
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temperatures (800◦C), these films crystallize into a body-centred 
cubic (bcc) phase.
It was found that a transition to crystalline film formation occurs 
with decrease in Ni content (down to 3 at%) and simultaneous 
reduction in the relative supersaturation, achieved by increasing the 
condensation temperature to 440◦C while maintaining Pw = 15 W. In 
this case, the formation of a patterned structure consisting of weakly 
interconnected columnar bcc crystals oriented along the [310] di
rection has been observed.
A comparative analysis of the radiation resistance of the obtained 
amorphous and crystalline high-entropy films under high-energy Au 
ion irradiation showed that the amorphous phase possesses a 
significantly higher stability. This advantage of amorphous conden
sates is attributed to the availability of more efficient defect relaxa
tion mechanisms in the amorphous phase.
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