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 22 

Abstract 23 

This study examines nitrogen ion implantation's effects on the microstructure, mechanical behavior, and 24 

tribological performance of an octonary high-entropy thin film metallic glass HfMoNbTaTiVWZr. Ion 25 

implantation led to binary nitride formation, elemental redistribution, and surface modifications while 26 

maintaining significant degree of amorphization, what  indicates local atomic rearrangement rather than 27 

crystallization. Structural and chemical analyses using TEM, XRD, and EDS mapping revealed phase 28 

stability changes and preferential segregation of heavy elements like hafnium and tantalum at high 29 

doses. Hardness enhancement was attributed to solid solution strengthening, fine nitride formation, 30 

increased lattice distortion, residual stress, and densification. At an optimal implantation dose (1e17 31 
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ions/cm²), hardness increased to 20 GPa, reducing the coefficient of friction and improving wear 32 

resistance. A comparison with a magnetron-sputtered (HfMoNbTaTiVWZr)N thin film showed distinct 33 

hardness-depth profiles, confirming localized strengthening effects. These findings highlight nitrogen 34 

implantation as an effective surface engineering technique for optimizing material performance in 35 

demanding applications. 36 

 37 

Keywords  38 

High entropy film metallic glasses; Ion implantation; Microstructure; Indentation; Surface 39 

characteristics  40 

  41 

1. Introduction  42 

High entropy metallic glasses (HEMGs) represent a novel class of materials that combine the 43 

inherent properties of metallic glasses - such as high strength and irradiation resistance - with the 44 

compositional complexity arising from large number of constituent elements [1]. Compositionally 45 

complex systems of refractory high entropy metallic glasses (RHEMGs) are particularly interesting due 46 

to their exceptional thermal stability, oxidation resistance and mechanical performance at elevated 47 

temperatures [2]. These materials have garnered significant attention recently due to their potential 48 

applications in extreme environments, including high temperatures, aggressive chemical media, nuclear 49 

power plants and tribological systems [1–3]. Previous studies have extensively examined various aspects 50 

such as thermal crystallization kinetics, compositional and structural characteristics, mechanical 51 

attributes, fracture behavior, preparation techniques and glass-forming abilities [4,5]. For example, 52 

studies have elucidated the thermal crystallization kinetics of RHEMGs, revealing pathways to enhance 53 

their stability during high-temperature applications [6]. Furthermore, research on compositional and 54 

structural properties of RHEMGs has identified potential, optimal combinations of elements to achieve 55 

superior strength and ductility [7]. Recent studies on lightweight refractory medium-entropy alloys have 56 

demonstrated that controlled compositional tuning and microstructural engineering can significantly 57 

enhance room-temperature ductility and formability, highlighting the importance of atomistic-level 58 

design strategies for refractory systems [8,9]. 59 

While the bulk properties of RHEMGs are undoubtedly promising, it is often the surface of 60 

these materials that must meet additional, application-specific requirements. In many cases, particularly 61 

for metallic glasses, the surface layer needs to exhibit enhanced hardness, improved corrosion resistance, 62 

low friction coefficient and increased wear resistance to perform reliably in demanding environments. 63 

One effective strategy to achieve such surface modifications without compromising the advantageous 64 

amorphous structure of metallic glasses is ion implantation. This technique allows for the formation of 65 

a modified surface layer that is intrinsically bonded to the substrate, thereby eliminating issues related 66 

to adhesion that are common in coating-based approaches. Moreover, ion implantation can tailor the 67 

surface properties while preserving the amorphous character of the material, which is critical for 68 
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maintaining its unique combination of mechanical and chemical attributes. It should be noted that, in 69 

this technique, energetic ions are accelerated toward a solid surface using an electric field, enabling their 70 

penetration into the near-surface region of the material. It allows precise control over the implanted ion 71 

species, energy, and fluence, making it a powerful tool for modifying surface chemistry, structure, and 72 

properties without altering the bulk. Figure 1 presents a simplified schematic of the ion implantation 73 

process, where nitrogen ions are extracted from an ion source, accelerated and implanted into the 74 

material, forming a modified layer with altered bonding, hardness and chemical stability. Ion 75 

implantation can also induce amorphization in crystalline materials, drawing intriguing parallels with 76 

the glass formation process itself [10]. Given these similarities, investigating ion implantation in the 77 

context of RHEMGs could provide new insights into their structural stability and surface optimization. 78 

 79 

Figure 1. Schematic illustration of nitrogen ion implantation into an amorphous refractory high-entropy 80 
alloy. The process involves ion extraction, acceleration and incorporation into the near-surface region 81 
of the target material. 82 

In conventional metallic glasses, it has been already shown that ion implantation can 83 

significantly enhance hardness, wear and oxidation resistance. For example, Tao et al. observed an 84 

increase in hardness and thermal stability of ZrCuNiAl after Co ions implantation [11]. On the other 85 

hand, studies have reported that especially the implantation of nitrogen ions leads to formation of hard 86 

phases or interstitial compounds, significantly enhancing surface hardness and reducing wear rates of 87 

high entropy alloys. Jenczyk et al. [12] investigated nitrogen ion implanted AlCoCrFeNiTi0.2 high-88 
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entropy alloy using high ion doses, which resulted in an unexpected X-ray diffraction (XRD) spectrum 89 

with unidentified peaks, which can be attributed to high entropy ceramics formation. An improved wear 90 

resistance as well as hardness of the samples were observed with the increase of the ion dose during 91 

implantation. The enhanced wear resistance after implantation was also confirmed by Pogrebnjak et al. 92 

[13] who conducted their research on high entropy alloy nitride (TiHfZrNbVTa)N coatings. Authors 93 

state that the presence of Nb atoms could favor the formation of solid solution with FCC structure in 94 

multielement HEA nitride which they confirmed using first principles calculation. All these findings are 95 

particularly significant for applications requiring precise tailoring of surface properties while 96 

maintaining the properties of the bulk material. 97 

Despite these advancements, the combined field of RHEMGs and ion implantation remains 98 

largely underexplored. Few studies have explored how implanted ions influence the inherently 99 

disordered atomic structure of metallic glasses, particularly in RHEAs, where this disorder is further 100 

compounded by compositional complexity [14]. Nevertheless, this interplay still remains scarcely 101 

investigated, leaving a gap in our understanding of ion interactions in such materials. Especially, 102 

nitrogen implantation can induce significant changes in the local atomic and lattice structure, potentially 103 

leading to the formation of nitrides, densification or alterations in bonding configurations. These 104 

changes may profoundly affect the mechanical, tribological, and chemical performance of the material. 105 

Key areas such as nitrogen diffusion mechanisms, potential nitride formation, and their effects on 106 

mechanical and tribological properties are yet to be fully understood. For instance, the interaction 107 

between nitrogen and the multi-principal element lattice may result in unique bonding configurations, 108 

potentially creating novel phases, i.e. high entropy nitrides, with enhanced properties [14,15]. 109 

Hence, this study focuses on the effect of nitrogen ion implantation on a thin film of the high 110 

entropy metallic glass HfMoNbTaTiVWZr, which is derived from the family of refractory high entropy 111 

alloys. This alloy was selected due to its exceptional compositional complexity, high thermal and 112 

mechanical stability and promising resistance to radiation damage. The use of eight refractory elements 113 

introduces significant atomic-level disorder and results in high configurational entropy, which promotes 114 

glass formation and suppresses crystallization during deposition and subsequent treatments. Our 115 

previous work [14] has shown that this amorphous thin film metallic glass exhibits remarkable radiation 116 

resistance, as implantation with non-reactive argon ions caused negligible changes in hardness or 117 

fracture behavior. In contrast, the corresponding nitride (HfMoNbTaTiVWZr)N, although exhibiting 118 

superhardness (~30 GPa), demonstrated a measurable decrease in mechanical stability after irradiation. 119 

Therefore, the present study explores nitrogen ion implantation as a method to locally enhance surface 120 

hardness via nitride precipitation, while preserving the amorphous structure that is presumably 121 

responsible for the material's radiation tolerance. This combination makes the system especially 122 

attractive for applications in extreme environments such as high-temperature tribology, nuclear energy 123 

systems and advanced microelectronic components. 124 
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 125 

2. Experimental 126 

2.1. Sample preparation  127 

In this study, thin film with the thickness around 1 µm of an octonary high entropy 128 

compositionally complex metallic glass HfMoNbTaTiVWZr was manufactured on a silicon substrate 129 

using magnetron sputtering deposition method. In the process a partially sintered target was used, for 130 

full details refer to ref [14]. Next, three samples were implanted with nitrogen ions at a beam energy of 131 

60 keV, using fluences of d1=2e16, d2=1e17 and d3=1e18 ions/cm². Before implantation, the samples 132 

were meticulously cleaned with ethanol and acetone to remove any residual organic contamination. All 133 

ion beam implantation experiments were conducted at room temperature under a chamber pressure of     134 

2×10-5 hPa. The samples were mounted on a thick steel plate positioned perpendicular to the nitrogen 135 

beam. Temperature monitoring was conducted for the sample implanted with a fluence of 1e18 ions/cm². 136 

A thermocouple, placed in contact with the sample's bottom surface, recorded the temperature. During 137 

irradiation, the temperature of this sample rose within the first 35 minutes, stabilizing between 130 °C 138 

and 135 °C for the remainder of the 3.5-hour implantation. The ion implantation process is automatically 139 

controlled by control system, equipped with a complex sof- and hard-ware module designed to measure  140 

current through the sample (which ranged from 0.4 mA to 0.6 mA ) and the total ion beam current, as 141 

well as perform ion beam diagnostics within the focusing system. It is a separate component of the ion 142 

implanter and consists of: 1) an electromechanical measuring head-system (including the measuring grid 143 

used to current measure);  2) a specialized 16-channel current converter card, used to convert the current 144 

flowing in the tungsten electrodes of the measuring grid, induced by the beam, to voltage levels 145 

appropriate for the analog-to-digital card; 3) a 16-channel analog-to-digital card; 4) a program for 146 

complete carrying out the implantation process, as well as  to control of analog-to-digital cards, current 147 

converter, and the entire control system.  148 

The implantation energy of 60 keV was selected on the basis of Stopping and Range of Ions in 149 

Matter (SRIM) simulations to ensure that nitrogen ions do not penetrate deeper than approximately 10% 150 

of the total film thickness (~1 µm). The simulation results indicated that the maximum damage peak 151 

(maximum displacements per atom (dpa)) occurs at depths below ~100 nm, which guarantees that the 152 

implanted region is fully confined within the coating. This choice is particularly important for 153 

nanoindentation: by restricting implantation to the upper part of the film, the measured hardness and 154 

modulus are not affected by the silicon substrate and reflect only the response of the modified material. 155 

The applied fluence range (2×10¹⁶ to 1×10¹⁸ ions/cm²) was selected to span the transition from low-dose 156 

defect generation to nitride formation and, at the highest dose, to implantation-induced structural 157 

degradation, allowing identification of the optimal dose window for mechanical property enhancement. 158 

Jo
urn

al 
Pre-

pro
of



6 
 

To calculate dpa and ion ranges with the use of SRIM results the following formula was used 159 

[16]: 160 

𝑑𝑝𝑎 =
ɸ(
𝑖𝑜𝑛𝑠
𝑐𝑚2) × 𝛾

𝑁
 

 

(1) 

where Φ is the implantation fluence, γ is the number of displacements produced by a primary knock-on 161 

atom (PKA), which can be found in the TRIM (Transport of Ions in Matter) output file 162 

(VACANCY.TXT, Vacancies by recoils), and N is the atomic density. Density of investigated alloy was 163 

estimated using ThermoCalc software with TCHEA7 database.  164 

Surface morphology was investigated with scanning electron microscope (SEM) - Zeiss 165 

Crossbeam 350 equipped with energy dispersive X-ray spectroscopy (EDS) detector. Both EDS spectra 166 

and elemental maps were collected from random places of the samples. EDS data was analyzed with the 167 

help of EDAX TEAM software. Surface properties – adhesion and roughness - were determined using 168 

a FlexAFM atomic force microscope (AFM) from Nanosurf AG, equipped with a HQ:CSC17/AI BS 169 

probe. Prior to the experiments, calibration for normal force was performed using the Sader method 170 

[17]. Topography images were acquired over a scan area of 10 × 10 µm in the contact mode. The average 171 

surface roughness (Ra) was calculated using Gwyddion software based on raw topography images. The 172 

adhesion force between the tip and the sample was measured using the standard AFM force-distance 173 

curve technique by extracting the pull-off force values [18]. All data were processed and analyzed using 174 

both the native Nanosurf software and Gwyddion for topography evaluation. 175 

 176 

2.2. Microstructure and phase composition 177 

Atomic structure was determined using both experimental and theoretical methods. The 178 

crystalline structures of the specimens were identified by using the Empyrean PANAlytical 179 

diffractometer with the Rietveld analysis. The diffraction experiment was performed with grazing 180 

incidence geometry to ensure a constant penetration depth of the incident X-ray beam. All measurements 181 

were realized with Cu-Kα1 radiation with a wavelength of λ= 1.540598 Å. For measurements, capillary 182 

optics were used which ensured a quasi-parallel incident beam. The diffraction data were acquired with 183 

a Pixcel1D-Medipix3 detector. The 2H values detected during the experiment were 20 - 105°, with a 184 

step size of 0.026°; the measurement lasted approximately 10 h.  The incident angle was constant (2.1°). 185 

Providing such a low angle of incidence of the X-ray beam with respect to the surface of the implanted 186 

samples made it possible to carry out measurements from a small surface sample volume. This approach 187 

was chosen because the implantation process was expected to affect only depths below 200 nm. 188 
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The material exhibited an amorphous structure so the amount of this phase was determined for the 189 

implanted samples using Match! 3 software. To analyze the obtained diffractograms, theoretical 190 

calculations were performed for both the high-entropy nitride and binary nitrides to evaluate the 191 

potential formation of crystalline phases. Although the pristine RHEMG was amorphous, its atomic 192 

structure could be modified through nitrogen ion implantation. The first step of theoretical analysis was 193 

establishing the lattice constant of  hypothetical (TaNbHfZrTiMoWV)N using Vegard’s rule of mixture  194 

[19]:  195 

𝑎𝑛𝑖𝑡𝑟𝑖𝑑𝑒 =∑𝑐𝑖𝑎𝑖
𝑖

 
(2) 

where ai is lattice constant of binary nitride of i-th constituent element of considered RHEMG and ci is 196 

concentration. Most of those elements forms nitrides with NaCl-type structure, except MoN and WN 197 

(Table 1). For those two systems, theoretical lattice constants had to be used [20]. The lattice constant 198 

of the hypothetical (TaNbHfZrTiMoWV)N nitride was estimated calculated to be approximately 4.33Å.  199 

Theoretical XRD pattern of such high entropy nitride was generated using the VESTA software and 200 

compared to the experimental diffractograms. The same scheme of generating XRD patterns and 201 

comparison with available experimental data was performed for simple binary nitrides and more 202 

complex structures found in Materials Project database [21]. 203 

Table 1. Lattice constants of binary nitrides  204 

 Ta Nb Hf Zr Ti V Mo W 

a [Å] 4.33 4.39 4.52 4.59 4.24 4.14 4.25 4.20 

 205 

To analyze the microstructure of cross sections thin lamellas were produced using focused ion 206 

beam (FIB) milling in SEM microscope Zeiss Crossbeam 350. The samples prepared in this way were 207 

examined using transmission electron microscope (TEM) TALOS F200X with X-FEG field emission 208 

cathode equipped with a four-detector windowless Super X EDS system characterized by an extremely 209 

large detection area. TEM and HAADF (high-angle annular dark-field) images, EDS spectra, elemental 210 

distribution maps and SAED were obtained.   211 

 212 

2.3. Mechanical and wear resistance tests  213 

Multi-cycle indentation was applied to obtain the depth profiles of the hardness changes. The 214 

tests were performed on the Ultra Nanoindentation Tester (UNHT Anton Paar) equipped with a 215 

Berkovich tip. On each sample, 21 cycles from 0.1 to 10 mN were performed with the load control and 216 

constant strain rate equal to approximately 0.01s -1. Each cycle began when the unloading force reached 217 
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0.05 mN. This approach generated hardness measurements for the same location at increasing depths. 218 

The maximum depth of indentation ranged from 160 nm to 250 nm, depending on the hardness of the 219 

specimen. Hardness and indentation depth were calculated from the unloading curve with the Oliver-220 

Pharr method [22], ignoring the top 5% and bottom 30% of the unloading curve for model fitting. 221 

Wear resistance of the samples were estimated with a scratch test method. The measurements 222 

were performed with the use of Micro Combi Tester MCT3 equipped with a spheroconical diamond 223 

Rockwell C tip with a radius of 100 µm. Tests were conducted with the increasing load form 30 mN to 224 

3000 mN and a scratch speed of 6 mm/min, each scratch was 2 mm long. Microscope images of scratches 225 

were taken using the optical module in the device. 226 

Nanoindentation toughness (𝐾𝐼𝐶) measurement was performed in-situ using an Alemnis 227 

Nanoindenter equipped with a cube-corner tip. The experiments were carried out with the maximum 228 

load (𝐹𝑚) of 20 mN. After the tests, the imprints were imaged using SEM (Zeiss Crossbeam 350), and 229 

for the those for whom cracks have appeared the average crack lengths – c, were precisely measured. 230 

To determine the nanoindentation toughness of brittle materials, the following formula was used [23,24]: 231 

 𝐾𝐼𝐶 = 𝛿(
𝐸

𝐻
)1/2

𝐹𝑚

𝑐3/2
                                                                                                                             (3) 232 

The elastic modulus E and hardness H were measured and determined during multi-cycle 233 

indentation, 𝛿 is an empirical constant which depends on the geometry of the indenter, for the indenter 234 

used, a value of 0.036 was assumed [24]. 235 

 236 

3. Results 237 

3.1. Ion implantation  238 

SRIM calculations provided information about ion ranges and dpa in relation to ion doses and 239 

depth of penetration. The average ions range is equal to 606 Å but some ions penetrate RHEMG layer 240 

even up to a depth of approximately 150 nm (Fig. 2a). Maximum dpa is obtained at around 50 nm of 241 

depth and its value dpamax for d1 dose is approximately 2, for d2 ~10 and for d3 ~100 (Fig. 2b). Relatively 242 

low ion range is caused mainly by high density of the investigated material (𝜌 = 12.26 g/cm3).   243 
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 244 

 245 

Figure 2.  (a) SRIM calculation  and histogram  of ion range during ion implantation b) dpa as a function 246 
of penetration depth for 1e17 ions/cm2 dose. 247 

 248 

3.2. Surface characteristics  249 

In our previous paper [14] it was shown that all the constituent elements of the alloy are 250 

uniformly distributed in the coating. The virgin alloy composition measured with energy dispersive X-251 

ray spectroscopy (EDS) is shown in Table 2.  252 

Table 2. Chemical composition of investigated RHEMG.  253 

 254 

 Furthermore, the EDS spectra presented in Fig. 4 show that the non-implanted sample exhibits 255 

no detectable N-Kα peak (Fig. 4a), whereas clear and progressively stronger nitrogen peaks appear for 256 

samples implanted with increasing fluence (Fig. 4b-d). The increase in peak intensity correlates directly 257 

with the quantitative nitrogen contents listed in Table 3: approximately 2.3 at.% N for 2×10¹⁶ ions/cm², 258 

35 at.% N for 1×10¹⁷ ions/cm², and 56.8 at.% N for 1×10¹⁸ ions/cm². While EDS provides only semi-259 

quantitative estimates in thin films, the combined spectral evolution and measured compositions 260 

consistently confirm the systematic incorporation of nitrogen into the near-surface region. 261 

Element Hf Nb Mo Ta Ti V W Zr 

atomic % 10.24 11.72 13.22 13.58 13.19 17.7 13.27 7.08 

weight % 16.23 9.67 11.26 21.82 5.61 8.01 21.66 5.73 Jo
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 262 

Figure 3. EDS Map - Element distribution on the surface of the sample implanted with dose d2=1e17 263 
ions/cm2. 264 

 265 

 266 

Figure 4. EDS spectra of a) non-implanted, b) implanted with d1 dose c) implanted with d2 dose d) 267 
implanted with d3 dose samples; results obtained on the surface of each sample.  268 

 269 
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Table 2. Nitrogen content in implanted samples measured with EDS.  270 

 

Ion dose [ions/cm2] 

Nitrogen content 

Weight % Atomic % 

2e16 0.3 2.3 

1e17 6.1 35.0 

1e18 15.1 56.8 

 271 

Results of AFM measurements (Table 4, Fig. 5 and 6) show that surface roughness does not 272 

change significantly under the influence of ion implantation until the highest dose is applied. Only for 273 

the sample implanted with the dose d3, there is an increase in Ra compared to the other samples. It is a 274 

classical effect - ion implantation alters surface roughness due to the high-energy bombardment of ions 275 

onto the material's surface. This process creates localized damage, displaces atoms, and introduces point 276 

defects, causing changes in the microstructure and a modification of the surface morphology, often 277 

increasing its roughness [25]. As the ion dose increases, more ions penetrate the surface, intensifying 278 

these effects. Higher doses lead to greater atomic displacement and defect accumulation, which can 279 

cause surface swelling, blistering or the formation of micro-rough structures, further increasing the 280 

surface roughness. 281 

Moreover, the tip - surface adhesion measured by AFM decreases with increasing ion dose (Fig. 282 

6). This pull-off force reflects the interaction between the silicon AFM probe and the outermost atomic 283 

layers of the coating; therefore, it is sensitive only to implantation-induced changes within the modified 284 

near-surface region. The reduction in tip-surface adhesion can be attributed to changes in surface 285 

chemistry, including nitrogen incorporation, reduced density of dangling bonds [26], and possible nitride 286 

formation, all of which lower the surface energy. 287 

Table 3. Surface roughness (𝑅𝑎) of investigated samples.    288 

Sample Non-

implanted 

Implanted d1=2e16 

ions/cm2 

Implanted d2=1e17 

ions/cm2 

Implanted d3=1e18 

ions/cm2 

Ra[nm] 1.03±0.33  1.3±0.1 1.11±0.18 5.39±0.18 

 289 
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 290 

Figure 5. Topography images obtained using AFM microscope for the samples a) non-implanted, b) 291 
implanted with d1 dose 2e16 ions/cm2, c) implanted with d2 dose 1e17 ions/cm2 and d) implanted with 292 
d3 dose 1e18 ions/cm2. 293 

 294 

Figure 6. Pull-off force measured on the implanted and non-implanted surfaces. 295 

 296 

3.3. Microstructure and phase composition 297 

Figure 7 a-c presents a set of XRD diffractograms, comparing experimental data with theoretically 298 

calculated phases. Several binary nitrides were identified. According to the calculations, implantation 299 

with the lowest dose, d1, led to the formation of two orthorhombic nitrides: Ta₃N₅ (space group Cmcm) 300 

and Zr₃N₄ (space group Pnma), as well as rocksalt-type TaN (space group Fm̄3m) and tetragonal Ti₂N 301 

(space group P4₂/mnm). On the other hand, an increase in the nitrogen dose resulted in the predominant 302 

formation of cubic nitrides, including TaN and ZrN (both rocksalt-type, space group Fm̄3m), Hf₃N₄ 303 

(space group I4̄3d), and W₃N₄ (space group Pm̄3m). Additionally, traces of tetragonal Nb₄N₅ (space 304 

group I4/m) and orthorhombic Ta₃N₅ (space group Cmcm) were detected. The phases identified in the  305 

sample implanted with dose d3 were similar to those found for dose d2, with one exception: instead of 306 
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ZrN, cubic Zr₃N₄ (space group Ī43d) was observed. The phase content calculated using Match! 3 307 

software (Fig. 7 d) indicates that ion implantation can both promote the formation of the crystalline 308 

phase - as shown by the increased crystalline content in the sample implanted with the lowest dose (d1) 309 

- and induce the formation of the amorphous phase, as evidenced by the reduced crystalline content in 310 

the samples implanted with higher doses (d2 and d3), likely due to defect creation caused by the process.  311 

Both SAED patterns taken from approximately 50 nm from the sample surface (Fig. 8 a-c) and the 312 

XRD spectra alongside the phase content presented in Figure 7 indicate that the dominant structural 313 

component of the samples remains amorphous after ion implantation. At the same time, XRD revealed 314 

the presence of several crystalline phases, suggesting that the implantation process promotes partial 315 

nanocrystallization and binary nitride formation. A comparison of the spectra suggests that the 316 

implantation process may slightly alter the atomic structure of metallic glasses, creating small crystalline 317 

domains. SAED patterns showed the evidence of lattice fringes and diffraction spots that would also 318 

indicate the presence of some crystalline phases. For samples implanted with doses d1 and d3 the 319 

diffraction spots are clearly visible, for sample implanted with d2 dose the spots can also be detected 320 

after closer examination (white arrows on figure 8-b). The weak contrast of the diffraction spots can be 321 

explained by the fact that nanocrystallites formed at this dose are both very small and sparsely 322 

distributed. Being embedded in a heavily disordered amorphous matrix, their contribution to the overall 323 

diffraction pattern is strongly reduced and partially masked by diffuse scattering. This results in spots of 324 

much lower intensity compared to those observed for d1 and d3 doses. 325 
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 326 

Figure 7. a,b,c - XRD patterns of the as-deposited and nitrogen-implanted films. Reference peak 327 
positions for selected nitrides and metallic phases were simulated using VESTA. d - phase content in 328 

implanted samples obtained with Match! 3 329 

 330 

Figure 8 d-l presents TEM-HAADF micrographs of all implanted samples (d–f), accompanied 331 

by nitrogen EDS maps (g–i) and close-up images of the implanted layers (j–l). For the lowest dose (d1), 332 

no significant changes in morphology or nitrogen distribution were observed (d, g, j), indicating minimal 333 

structural modification. Implantation with dose d2 resulted in the formation of a well-defined nitrogen-334 

rich zone at a depth between ~60 and 150 nm (e, h), which is in good agreement with SRIM simulations. 335 

In contrast, the highest dose (d3) led to severe modifications in the microstructure (f, i), including the 336 

appearance of a porous-like layer near the surface, redistribution of elements and pronounced bright 337 

contrast in the HAADF image (l). The bright areas observed near the surface in HAADF images can be 338 

attributed to a combination of factors. Nitrogen implantation likely results in the formation of nitrides, 339 

such as HfN, ZrN, or TiN, which consist of elements with high atomic numbers. These nitrides strongly 340 

scatter electrons, producing a bright Z-contrast in the HAADF images. The implantation process may 341 

also induce local segregation of heavier elements like Hf, Ta, or W near the surface. These elements, 342 

with their higher atomic numbers, further enhance the scattering intensity. The implantation also 343 

modifies the atomic structure, potentially increasing the local atomic density and increasing stress near 344 

the surface, which contributes to the brighter contrast. Finally, nitrogen implantation creates a 345 

compositional gradient in the material, with a higher nitrogen concentration near the surface. This higher 346 

nitrogen content may interact with specific elements to form nitrogen-rich or denser regions, which also 347 

appear brighter in HAADF contrast. This observations are further confirmed with the results of EDS 348 
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mapping of all elements present in the samples (Fig. 9). For d1 dose a fairly homogenous structure was 349 

obtained (Fig. 1 SI) and for d2 dose barely visible segregation of elements was observed. On the other 350 

hand, a higher tantalum and hafnium content near the surface can be observed for d3.  351 

 352 

Figure 8. TEM diffraction patterns (a–c), cross-sectional HAADF-TEM images (d–f),  nitrogen EDS maps 353 

(g–i) and high-magnification images (j-l) of implanted samples with increasing nitrogen doses: d1, d2, 354 

and d3, respectively. A nitrogen-rich zone is visible for d2, while d3 shows significant microstructural 355 

changes and pore formation near the surface. Bright contrast in HAADF images (especially in i) is 356 

attributed to the formation of heavy-element nitrides, element segregation, and implantation-357 

induced densification.  358 
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 359 

Figure 9. TEM-HAADF images and EDS element mapping across the cross-sections of 360 
HfMoNbTaTiVWZr high-entropy TFMG samples implanted with 1e17 ions/cm2 dose and 1e18 ions/cm2 361 
dose; distinctive hafnium and tantalum distribution marked with a red bracket.    362 

 363 

3.4. Mechanical characterization and wear resistance measurements  364 

Indentation measurements were conducted to determine the hardness and wear resistance of the 365 

samples (Fig. 10). Fig. 10a shows an example result of the multicycle indentation experiment and in 366 

Fig. 10b, hardness vs indentation depth plots for all the investigated samples are presented.  It can be 367 

observed that the sample implanted using 1e17 ions/cm2 dose exhibits a large increase in hardness up to 368 

20 GPa for a depth of around 25 nm. This sample is also characterized by the largest H/E and H3/E2 369 

values (Fig. 10c). Conversely, the highest implantation dose introduced more defects into the structure, 370 

resulting in severe deterioration of properties. Hardness changes observed as a function of depth for a 371 

sample implanted with dose d2 can be correlated to dpa. Fig 10d illustrates that while the overall trends 372 

of the curves are comparable, the reduction in hardness transpires more rapidly compared to the dpa 373 

curve.  This shift can be attributed to several factors. First, recrystallization or stress relaxation near the 374 

surface may reduce hardness more rapidly than the accumulation of damage levels, particularly in 375 

regions of high implantation-induced stress. Additionally, as TEM shows, ion implantation caused 376 

segregation of elements, altering the chemical composition near the surface and affecting hardness 377 

disproportionately compared to dpa levels. Chemical composition gradients induced by ion 378 

implantation, particularly the formation of phases such as nitrides or enrichment with heavier elements, 379 
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can modify the local microstructure and influence hardness independently of radiation damage. The 380 

formation of various defects, such as vacancies and interstitials, which migrate and recombine 381 

differently depending on depth, may also contribute to this discrepancy. Notably, nanoindentation 382 

measures the material's response from a depth approximately 10 times greater than the indentation depth, 383 

integrating effects from a broader region and capturing contributions from areas with lower damage, 384 

potentially leading to an overall lower hardness reading compared to the localized damage levels 385 

indicated by dpa. These combined effects explain the observed rapid reduction in hardness relative to 386 

the dpa curve. It should be also noted that due to the self-similar shape of the dpa profile governed by 387 

Eq. (1), only one representative dpa - hardness correlation is shown in the main text. Additional plots 388 

for other fluences are provided in the Supplementary Information (Fig. S2). 389 

The tribological behavior of the films was assessed using the scratch test, and the measured 390 

friction coefficients and penetration depths are shown in Fig. 11. The sample implanted with dose d2 391 

exhibited the best wear resistance, consistent with the hardness results, as it showed both the lowest 392 

coefficient of friction and the smallest penetration depth. The d3 sample, on the other hand, displayed 393 

the highest penetration depth, which is associated with its porous microstructure. Such structural 394 

weakening decreases the surface load-bearing capacity, allowing deeper tip penetration during 395 

scratching. Importantly, all implanted samples demonstrated lower friction coefficients compared to the 396 

virgin film, which can be explained by reduced adhesion forces (confirmed by AFM, Fig. 6) that 397 

diminish the adhesive component of friction. Moreover, the virgin sample exhibited sudden drops in 398 

penetration depth caused by film delamination (see Fig. S3 in Supplementary Information). Since the 399 

film–substrate interface lies far beneath the implantation-affected region, this effect is attributed to 400 

differences in stress distribution between implanted and non-implanted films. 401 
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 403 

Figure 10. a) Characteristic load-displacement curve for the sample implanted with dose 1e17 ions/cm2 404 
b) Measured hardness of implanted and non-implanted samples c) H/E and H3/E2 indexes obtained from 405 
indentation measurements; lines connecting the points are so called “guide for an eye” d) Correlation 406 
of hardness and dpa curves.  407 

 408 

 409 

 410 

Figure 11. a) Coefficients of friction calculated by scratch tester software and b) penetration depth 411 
measured by the scratch tester. 412 
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Finally, table 5 presents nanoindentation toughness measurements results. They include only 413 

the implanted samples on which brittle fracture was observed. The non-implanted sample as well as 414 

sample implanted with the lowest dose d1 shows a plastic behavior (figures 12a,b) - cracks around the 415 

imprint do not form – which is in line with previous observations [14]. Furthermore, the  KIC toughness 416 

parameter was lower for the d2 sample, which also exhibited the highest hardness, than for the d3 sample. 417 

Ion implantation often generates residual stresses near the surface, which can amplify the tendency for 418 

crack initiation and propagation. In materials such as RHEMG, where toughness relies heavily on the 419 

amorphous or glassy matrix accommodating strain, the introduction of implantation-induced defects and 420 

microstructural changes, such as nitrides or segregation of heavier elements, can severely compromise 421 

these mechanisms, favoring brittle failure over plastic flow. The increase in hardness due to ion 422 

implantation also correlates with a reduction in the material's ability to absorb mechanical energy, 423 

making it more prone to brittle fracture under stress.  424 

 425 

Figure 12. SEM images of imprints made during nanoindentation toughness measurements for 426 

samples: a) non-implanted b) implanted with d1 c) implanted with d2 and d) implanted with d3 dose 427 

Table 4. 𝐾𝐼𝐶  obtained from nanoindentation toughness measurements  428 

Sample Average E [GPa] Average H [GPa] c [µm] 𝑲𝑰𝑪[Mpa√𝒎] 

Non-

implanted 

132.90±8.00 9.62±1.96 0 - 

Implanted 

1e17 ions/cm2 

158.44±13.88 8.28±1.09 0 - 

Implanted 

1e17 ions/cm2 

178.81±27.87 14.89±3.93 4.74±0.07 3.78±0.08 

Implanted 

1e18 ions/cm2 

87.94±19.69 4.76±0.8 4.04±0.10 5.99±0.23 
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 429 

4. Discussion 430 

Nitrogen ion implantation significantly altered the microstructure, mechanical properties, and 431 

surface characteristics of the investigated material. It led to the formation of various nitride phases, 432 

changes in elemental distribution and increased surface roughness at higher doses. The mechanical 433 

properties were also affected, with moderate doses improving hardness and wear resistance, while 434 

excessive implantation introduced defects that reduced material performance. However, nitrogen ion 435 

implantation has not led to the formation of high entropy nitride even in the form of small inclusions. 436 

According to Fig. 13, the XRD diffractograms show no peaks corresponding to the theoretically 437 

determined diffraction pattern of (HfMoNbTaTiVWZr)N.  438 

A closer examination of the microstructural changes reveals that elemental redistribution played 439 

a crucial role in nitrogen ion implantation induced modifications. Specifically, qualitative EDS analyses 440 

and microstructural characterization indicated an increased concentration of tantalum and hafnium near 441 

the surface of the sample, particularly above the implanted layer and within the porous zone of the 442 

sample implanted with a dose 1e18 ions/cm2. This accumulation can be attributed to the high affinity of 443 

these elements for nitrogen, which promotes the preferential formation of tantalum nitride (TaN) and 444 

hafnium nitride (HfN) at the surface. The strong chemical interaction between nitrogen and these metals 445 

likely drives their atoms toward the nitrogen-rich regions near the surface. Additionally, both Ta and Hf 446 

are relatively large atoms, and their migration toward the surface can be facilitated by energy and 447 

momentum transfer during ion implantation. The thermodynamic stability of tantalum and hafnium 448 

nitrides further reinforces the tendency for these elements to segregate at the surface, where they can 449 

form stable nitride phases [27]. Interestingly, titanium also has a high affinity for nitrogen, but no 450 

significant segregation at the surface was observed in this study. This could be due to competing 451 

interactions among multiple elements within the high-entropy metallic glass matrix, which may limit 452 

titanium’s mobility compared to tantalum and hafnium. A possible explanation for this effect is the 453 

sluggish diffusion phenomenon, one of the core effects of high-entropy alloys. The presence of multiple 454 

principal elements in the metallic glass matrix likely increases atomic-scale friction, which can hinder 455 

the diffusion of certain elements, such as titanium, despite their thermodynamic tendency to react with 456 

nitrogen. Further investigation is required to determine whether kinetic or thermodynamic factors 457 

dominate this phenomenon. Accurate depth-resolved composition measurements would require 458 

techniques such as RBS or ERDA instead of rather qualitative EDS results. 459 

The preferential segregation of tantalum and hafnium has further practical relevance for 460 

extreme-environment applications. Both Ta and Hf form thermodynamically stable nitrides with very 461 

high melting points, which can act as diffusion barriers and improve resistance to nitrogen loss, 462 

oxidation, or structural relaxation during long-term exposure at elevated temperatures. Their enrichment 463 
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at the surface may therefore stabilize the nitrogen-rich modified layer and limit degradation mechanisms 464 

such as grain coarsening or stress-assisted structural relaxation. These effects may contribute to the 465 

hardness fluctuations observed at shallow penetration depths, reflecting a competition between local 466 

hardening (TaN/HfN formation) and microstructural weakening in regions containing voids or 467 

compositional discontinuities. From a tribological perspective, the presence of TaN and HfN can locally 468 

increase load-bearing capacity and reduce adhesive wear, as these nitrides are both hard and chemically 469 

stable. However, excessive segregation - especially when combined with implantation-induced porosity 470 

- may also introduce compositional inhomogeneities that lower fracture toughness and promote crack 471 

initiation under high contact stresses. Thus, the balance between beneficial hard nitride formation and 472 

detrimental structural discontinuities is critical for optimizing the material’s long-term behaviour in 473 

high-temperature or high-load tribological environments 474 

It is worth to note that the sample implanted with 1e18 ions/cm² exhibited a porous-like structure 475 

similar to those observed in materials subjected to helium ion implantation, a process commonly used 476 

to simulate irradiation-induced damage. According to the literature several mechanisms may contribute 477 

to the observed porosity. For example, Liu et al. investigated helium ion implantation effects on CLAM 478 

steel and reported phenomena such as blistering and swelling, which can occur under high ion doses or 479 

when the sample surface is uneven [28]. Similarly, Dhara et al. observed nanoblistering in GaN 480 

implanted with Ga⁺ ions, attributing it to the accumulation of defects, displacement damage, and inert 481 

gas retention, which led to the formation of voids and bubbles  [29]. Excessive defect accumulation due 482 

to high ions implantation doses introduces a substantial number of point defects and vacancies, which 483 

can aggregate into voids. Furthermore, in the case of nitrogen ions the precipitation of nitrides such as 484 

TaN and HfN may create local volume expansion, leading to stress buildup and subsequent void 485 

formation. Above mentioned, preferential migration of elements such as tantalum and hafnium toward 486 

the surface may contribute to local compositional inhomogeneities and phase separation, weakening the 487 

material and promoting porosity. At high doses, increased momentum transfer from nitrogen ions may 488 

enhance sputtering effects, further modifying the surface topology and promoting pore formation.  489 
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 490 

Figure 13. XRD patterns of high entropy nitride (HfMoNbTaTiVWZr)N, calculated with VESTA software,  491 
compared to experimental XRD patterns for implanted  samples  492 

The microstructural modifications induced by nitrogen implantation - such as nitride 493 

precipitation, elemental redistribution, and porosity formation - strongly influence the mechanical 494 

behavior of the investigated metallic glass. At the optimal fluence (d₂), nitrogen incorporation leads to 495 

atomic-scale structural rearrangements within the amorphous matrix, including densification and short-496 

range-order modifications that improve local packing efficiency and hinder shear-transformation-zone 497 

activation. Together with the formation of fine nitride clusters and moderate implantation-induced 498 

stresses, these effects result in localized hardening and improved wear resistance. In contrast, the highest 499 

implantation dose (d₃) produces a fundamentally different response. Pronounced Ta and Hf segregation 500 

generates chemically and mechanically heterogeneous regions, while extensive porosity reduces the 501 

effective load-bearing cross-section and introduces stress concentrators. In metallic glasses, plastic flow 502 

occurs exclusively through localized shear banding; however, such heterogeneities decrease the critical 503 
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stress required for shear-band initiation and destabilize their propagation, promoting premature 504 

localization and runaway softening. The combined effect of segregation and porosity thus outweighs the 505 

beneficial strengthening observed at d₂ and leads to the severe reduction in hardness and in the H/E and 506 

H³/E² ratios shown in Fig. 10.  507 

While nitride formation can enhance wear resistance by increasing hardness, excessive porosity 508 

degrades mechanical durability by facilitating localized damage under mechanical loading. This 509 

interpretation is consistent with the indentation-derived mechanical indicators: the H/E ratio, associated 510 

with elastic strain to failure[30], and the H³/E² ratio, reflecting resistance to plastic deformation [31]. 511 

Higher values of these parameters correlate with improved wear resistance, yet their decrease at d₃ 512 

confirms the detrimental effect of high-fluence implantation. Due to measurement uncertainties, 513 

indentation-based wear predictions are not fully conclusive, necessitating direct scratch testing to 514 

evaluate the tribological performance.  515 

Interpretation of friction behavior also requires consideration of the coating’s geometry and 516 

surface characteristics. The measured surface roughness (RMS ~1.8 nm for the as-deposited film) 517 

remained nearly unchanged after implantation, indicating that topography did not significantly affect 518 

the friction response. Moreover, the coating thickness (~1 µm) was sufficient to suppress substrate 519 

effects during testing. Therefore, the observed reduction in friction coefficient after implantation (from 520 

~0.23 to ~0.17) can be primarily attributed to implantation-induced modifications of surface chemistry 521 

and mechanical properties - such as near-surface hardening - rather than to geometrical or roughness-522 

related artefacts. The stable surface morphology and adequate thickness ensure that the tribological 523 

measurements predominantly reflect intrinsic material behavior.   524 

Finally, the hardness measurements of the nitrogen ion-implanted sample with the d2 dose were 525 

compared with those obtained for a thin film of (HfMoNbTaTiVWZr)N deposited by magnetron 526 

sputtering in our previous work [14]  (Fig. 14a). The magnetron-sputtered sample, characterized by a 527 

nanocrystalline structure and a uniform nitrogen distribution across its cross-section, exhibited 528 

consistently high hardness throughout the depth. In contrast, the nitrogen-implanted sample retained 529 

mainly its amorphous structure, as confirmed by TEM and XRD, and exhibited a modified surface region 530 

enriched in nitrogen without forming a continuous crystalline nitride phase. Interestingly, at the initial 531 

stage of indentation, the implanted sample exhibited approximately twice the hardness of the sputtered 532 

sample (Fig. 14b), demonstrating that nitrogen implantation can effectively enhance surface hardness 533 

even without inducing a full phase transformation. The hardness–depth profiles of the two samples differ 534 

significantly, reflecting their distinct nitrogen distributions and structural features. In the magnetron-535 

sputtered coating, hardness gradually increases with indentation depth, likely due to the uniform 536 

composition and nanocrystalline structure of the high-entropy nitride layer. In contrast, the implanted 537 

sample shows a rapid rise in hardness within the nitrogen-enriched surface region, followed by a decline 538 
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beyond the peak, as the indenter penetrates into the underlying amorphous matrix that was not modified 539 

by implantation. This behavior is consistent with the presence of a relatively thin, hardened zone formed 540 

near the surface, where the hardness enhancement originates mainly from implantation-induced 541 

modifications within the amorphous matrix, while the small volume fraction of nitride nanocrystallites 542 

contributes only secondarily. Surface roughness introduced by implantation may also influence the near-543 

surface indentation response, particularly at very shallow depths (<20 nm), where even slight 544 

topographical variations can lead to local underestimation of hardness. In amorphous materials, such 545 

deviations from the classical indentation size effect are not uncommon and may also arise from 546 

additional factors, including limited accuracy in contact area estimation due to tip rounding, instrument 547 

noise and thermal drift. Furthermore, time-dependent viscoplastic deformation of the amorphous matrix 548 

may contribute to a reduction in measured hardness at very low penetration depths. As a result, the 549 

observed decrease in hardness below 20 nm should be interpreted with caution and considered an artifact 550 

of shallow-depth testing, rather than an intrinsic material response. 551 

The maximum hardness values further emphasize the structural differences between the two 552 

surface modifications: while the sputtered nitride coating reaches ~27 GPa, the implanted sample 553 

achieves ~20 GPa. This discrepancy highlights the contrasting nature of the surface engineering 554 

approaches - uniform nitride formation via reactive sputtering versus compositional and structural 555 

gradients introduced by nitrogen ion implantation into an amorphous alloy [14]. It is also important to 556 

note that retaining the amorphous structure provides several intrinsic advantages that distinguish the 557 

implanted layer from the reactively sputtered nitride coating. Amorphous refractory high-entropy alloys 558 

exhibit superior resistance to irradiation-induced defect accumulation and structural degradation, as 559 

demonstrated previously for the same system in Ref. [12]. The absence of grain boundaries eliminates 560 

pathways for accelerated diffusion, oxidation or embrittlement, which is particularly beneficial for 561 

applications in extreme environments. Furthermore, the chemically and structurally disordered 562 

amorphous matrix can accommodate local stresses more uniformly than a nanocrystalline nitride, 563 

reducing the likelihood of crack initiation. Therefore, achieving surface hardening while preserving the 564 

amorphous state offers a complementary and technologically meaningful alternative to full nitride 565 

formation. 566 
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 567 

Figure 14. a) Load-displacement curves for implanted with d2 dose and magnetron sputtered sample 568 

b) measured hardness on both samples  569 

 570 

5. Conclusions  571 

In conclusion, the present work provides a comprehensive evaluation of nitrogen ion implantation 572 

as a method for modifying the surface and mechanical properties of a high-entropy metallic glass thin 573 

film. The key findings are summarized as follows: 574 

• This study examined the effects of nitrogen ion implantation on an octonary high-entropy thin 575 

film metallic glass (HfMoNbTaTiVWZr), revealing significant surface modifications including 576 

binary nitride formation, local elemental redistribution and changes in surface roughness and 577 

adhesion, while maintaining a largely amorphous structure. 578 

• Mechanical performance was highly dose-dependent, with the d2 dose (1×10¹⁷ ions/cm²) 579 

yielding optimal results - hardness increased to ~20 GPa and wear resistance improved, as 580 

evidenced by the lowest friction coefficient; in contrast, the d3 dose (1×10¹⁸ ions/cm²) introduced 581 

structural defects such as porosity and elemental segregation, degrading performance. 582 

• Comparison with a magnetron-sputtered nanocrystalline (HfMoNbTaTiVWZr)N coating 583 

showed differing hardness-depth profiles: the ion-implanted film exhibited a peak near the 584 

surface, while the sputtered coating maintained uniform hardness, attributable to their respective 585 

structural characteristics. 586 

• These findings confirm nitrogen ion implantation as an effective surface engineering approach 587 

for tailoring the mechanical and tribological properties of refractory high-entropy metallic 588 

glasses, with dose optimization critical to balancing enhancement and damage. 589 
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