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Abstract

:

Starting from solid-solutions (SS) of AlCoCrFeNix high-entropy alloys (HEAs) that have been produced with high purity constituent elements by vacuum arc remelting (VAR) method varying the nickel molar ratio x from 0.2 to 2.0, we investigated the synthesis of protective thin films of HEAs and high-entropy nitrides (HENs) with the aid of the pulsed laser deposition (PLD) system. The structure of all ten available bulk targets have been examined by means of X-Ray Diffraction (XRD), as well as their elemental composition by means of energy dispersion X-ray spectroscopy (EDS). Three targets with nickel molar composition x = 0.4, 1.2 and 2.0 corresponding to BCC, mixed BCC and FCC, and finally FCC structures were used for thin film depositions using a KrF excimer laser. The depositions were performed in residual low vacuum (10−7 mbar) and under N2 (10−4 mbar) at room temperature (RT~25 °C) on Si and glass substrates. The deposited films’ structure was investigated using grazing incidence XRD, their surface morphology, thickness and elemental composition by scanning electron microscopy (SEM), EDS and X-ray photoelectron spectroscopy (XPS), respectively. A homemade four-point probe (4PP) set-up was applied to determine layers electrical resistance. Besides, a Nanoindentation (NI) was employed to test films’ mechanical properties. XRD results showed that all deposited films, regardless of the initial structure of targets, were a mixture of FCC and BCC structures. Additionally, the quantitative and qualitative EDS and XPS results showed that the elemental composition of films was rather close to that of the targets. The depositions under an N2 atmosphere resulted in the inclusion of several percentage nitrogen atoms in a metallic nitride type compound into films, which may explain their higher electrical resistivity. The Young’s modulus, nanohardness and friction coefficient values showed that the deposited films present good mechanical properties and could be used as protective coatings to prevent damage in harsh environments.
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1. Introduction


Thin films are used for protective purposes of high-tech applications in many industries from nanoelectronics and medical to aerospace and nuclear. High-entropy alloys (HEAs) and their nitrides (HENs) are structural [1] and functional materials [2] that are involved in the development of the next generation of practical applications by achieving high levels of protection thanks to their outstanding properties such as improved wear, as well as corrosion resistance, and high hardness.



Hence, the focus of this paper is on the synthesis of thin films based on high-entropy AlCoCrFeNix alloys and high-entropy (AlCoCrFeNix)N nitrides [3,4,5,6,7], as well as on their characteristics. High entropy alloys are identified based on two definitions, namely, the chemical elemental composition [8] on one hand, and the magnitude of systems entropy [9] on the other. Bulk solid-solutions were obtained by the VAR method, varying the nickel content of the molar ratio x from 0.2 to 2.0, upon alloying from high purity raw materials. More details about the VAR method can be found in [10]. To study the effect of nickel variation, some of the bulk SS were used as targets to grow thin films by way of the PLD technique, which has the advantage that it requires small area targets. The manuscript contains the achieved milestone regarding the growth of thin HEAs and HENs films, together with reported data on their characteristics through their study. Therefore, after the growth process the physical structure, chemical content, electric, surface, and mechanical properties of deposited thin films were analysed to understand the effect of targets’ nickel content and different structure.



The novelty of our research consists of highlighting the qualities of thin alloy and nitride films that, due to their incredible characteristics, have many usages in the various industries mentioned above, such as coatings for diffusion barriers for integrated circuits, implants for human bodies, heat shields for spacecraft that re-enter in the atmosphere, or diagnostics mirrors within thermonuclear power plants, among others [11].




2. Experimental Details


Structured 3D bulk alloys that have the prefix high-entropy can be obtained by involving different manufacturing routes, such as induction melting or the Bridgeman method [12]. However, another manufacturing route to obtain bulk HEAs, namely the VAR method, was used in this research. Material losses during synthesis were low because the working chamber was vacuumed before the melting process, and the metallic bath was protected using high purity Ar 5.3 argon flow of 1.2 bar. Melting and remelting operations were performed at least five times on each side of the mini-ingots, which were obtained in the form of round tablets of about 32 mm in diameter and 9 mm in thickness. Each ingot structure was investigated by XRD with the aid of an Empyrean Panalytical multipurpose X-ray diffractometer set up to work in a Bragg–Brentano geometry with CuKα radiation at a power of 45 kV and 40 mA. The diffraction patterns were analysed using HighScore Plus from Panalytical and the 2021 ICCD data base.



Targets of HEAs have been mounted inside the reaction chamber, where short pulses of 25 ns were delivered by an excimer KrF laser source to irradiate their surfaces. The ablated material was collected onto substrates that were positioned parallel and at 5 cm distance with respect to targets. The glass and silicon substrates were rinsed in an ultrasonic bath in acetone (C3H6O), ethyl alcohol (ethanol-C2H5OH) and deionized water and blown dry with nitrogen gas. Films were deposited at RT at around a laser fluence of 3 J/cm2, a repetition rate of 40 Hz, and a time duration of around 12 min. The films deposited under vacuum (low 10−7 mbar) from the targets with a nickel molar content of 0.4, 1.2 and, 2.0 were denoted as HEA2, HEA6, and respectively HEA10. Films deposited under nitrogen (10−4 mbar) from the same targets were denoted as HEN2, HEN6 and HEN10, respectively. Table 1 presents a summary of grown thin films.



The thin HEA and HEN films were structurally characterised by Grazing Incidence XRD (GIXRD) with the same Empyrean Panalytical multipurpose X-ray diffractometer set up to work in a parallel beam geometry. The electrical properties, which comprise the conductivity and, inversely proportional to it, the resistivity (ρ, [Ω × m]), have been assessed employing a homemade four-point probes (4PPs) electrical measurement system. The probes were connected to one voltmeter and one amperemeter, both of model KEITHLEY 6220 and 2182A. The measurement error of the whole system is in the order of 2%–3%. For each HEA and HEN of interest, values of (U/Imin) were recorded, and were used together with the thickness (t) according to the formula [13]:


ρ = 4.53 × U/I × t



(1)







The microstructure and elemental composition were analysed by means of two different techniques, i.e., SEM and EDS, using a microscope Nova NanoSEM 630, and its module, the Element EDS system. The deposited film’s surface chemical composition up to a few nm depths was determined using the XPS [14,15] with an ESCALB Xi+ XPS system working with monochromatic AlKα radiation. Survey scans were initially acquired followed by high resolution scans for core level regions of Ni, Fe, Cr, Al, Co, O and N. The binding energies were referenced to adventitious C1s position at 284.8 eV.



The mechanical behaviour of thin HEA and HEN films was assessed by indentation tests to determine hardness and elastic modulus values, by micro-scratch testing to evaluate their adhesion capacity to the substrate, and by rotational wear tests to extract the dynamic friction coefficients. An NHT2 NI module from CSM Instruments/Anton Paar was used for indentation tests, using a Berkovich three-sided pyramidal diamond tip, 1 mN maximum applied load, loading and unloading sequences of 30 s, and a 5 s dwell time, to minimize the creep effect. At least 30 imprints were obtained on each sample, in various regions, and the results were averaged. The adhesion/cohesion of the thin film/substrate system was analysed with a Microscratch tester from CSM Instruments/Anton Paar, using a Rockwell geometry diamond tip (tip radius 100 μm), linear loading to maximum 15 N, and 2 mm scratch length. Five scratch tracks were performed on each sample, followed by optical analysis to obtain the critical loads which caused either thin film fractures or partial delamination, or its complete removal. The wear behaviour was analysed with a standard tabletop tribometer from CSM Instruments/Anton Paar, using Al2O3 6 mm balls as friction counterparts, in dry conditions, with a 1 N normal load and a stop condition of 200 m. Prior to wear tests, samples and friction counterparts were ultrasonically cleaned in isopropyl alcohol (isopropanol-C3H8O). Three wear tracks were obtained on each sample.




3. Results and Discussion


The structural analysis has been carried out firstly upon all bulk SS targets with increasing nickel molar content from 0.2 up to 2.0 with a step increment of 0.2. The targets maintain the same BCC crystal structure from 0.2 up to 1.0, after which a transition occurs, where both BCC and FCC crystal phases are present, beginning with the nickel content of 1.2 up to 1.6. The observed evolution ends with the targets of the highest nickel content of 1.8 and 2.0, which presents only the FCC crystal phase (see Figure 1). Therefore, three of those targets containing 0.2, 1.2 and 2.0 were chosen as targets for thin films growth (see Figure 2).



As one can see in Figure 1, the HEA targets containing a low nickel concentration crystalized in the BCC lattice. As the nickel molar content increased to x = 1.0 and above, a mixed structure containing both BCC and FCC lattices appeared. For nickel molar concentration x = 1.8 and higher only the FCC lattice was observed. The chosen targets for thin films growth corresponded to these three different crystalline structures, pure BCC (x = 0.4), mixed BCC and FCC (x = 1.2) and pure FCC (x = 2.0). The deposited films always exhibited a mixed crystalline structure, as shown in Figure 2. From the acquired XRD patterns the grain sizes and lattice parameters have been assessed using the Scherrer equation, corrected for the instrumental broadening, and Bragg’s law. The values obtained are presented in Table 2. The results of electrical resistivity measurements conducted by the aforementioned 4PP system, taking into account the films thicknesses estimated from cross-section SEM images (see Figure 5) are displayed in Table 3. The obtained resistivity values are similar to other values reported in the literature for this HEA system. It is also evident that the resistivity values are higher for films deposited under an N2 atmosphere.



Surface morphology analyses were carried out by SEM. Typical surface images acquired from thin HEA6 and HEN6 film at different magnifications are displayed in Figure 3 and Figure 4. Moreover, thicknesses of the deposited films were measured on the cross-section of fractured samples by means of this technique. As one can see, regardless of deposition conditions, thin films exhibit micrometer size droplets that are usual when the PLD system is employed. Moreover, on some surfaces, sites where droplets used to be attached and now were detached can be seen. On some other surfaces, droplets that stacked on top of each other were observed. Besides, some droplets turned into donut shaped ones due to a hydrodynamic effect during impingement into the substrate and then cooling. There were no significant morphological changes between images acquired from thin HEA6 and HEN6 film.



Thickness analyses have been carried out with samples positioned at 45° from the horizontal position, so that the detected electrons image cross-sections. Images of thin HEA6 and HEN2 films cross-sections are displayed in Figure 5. Average measured thicknesses values are given when multi marked bars are displayed and presented in Table 3.



The deposited films’ elemental composition, estimated by means of EDS on one hand and XPS on the other, are displayed in Figure 6, Figure 7 and Figure 8, as indicated.



As a general trend, all mechanical parameters seem to decrease as the nickel content in the targets was increased. As far as the influence of the deposition atmosphere is concerned, except for the thin HEA and HEN films with a nickel molar ratio of 1.2 where the trend seems to be reversed, using an N2 rich atmosphere leads to poorer mechanical characteristics, as shown in Figure 9. The resistance to elastic deformation, represented by the H/E ratio also displayed in Figure 9, has been used to predict the wear resistance of a material [16], a high H/E ratio often being a reliable indicator of good wear resistance of coatings. Consequently, the set of HEA2 samples should behave better during wear tests, followed by the set of HEA10. Furthermore, the H3/E2 ratio gives a relatively accurate description related to the capacity of a coating to dissipate energy when the film suffers plastic deformation [17].



The adhesion of thin films to the substrate was assessed by micro-scratch testing. Figure 10 shows the variation of critical loads responsible for the first delamination on the scratch track (LC2), and the load responsible for total film removal (LC3). One can observe that these two critical loads were not present on all samples. The better behaviour was noticed for samples from the set of HEA10, at least in terms of total film removal. The thin film prepared in a vacuum atmosphere was not delaminated up to a 15 N maximum applied load. Increasing the applied load would lead to cohesive failure, the glass substrate fracturing under the applied load, which would not signify a loss of the thin film’s adhesion. Observing the optical micrographs from Figure 11, thin films seem to have a ductile nature, detaching from the substrate surface without exposing the substrate. This observation is in agreement with the relatively low hardness values. Considering the deposition atmosphere, it seems that for lower nickel content, samples deposited in nitrogen behave slightly better, exhibiting higher values for the LC3 critical load, compared to samples deposited in a vacuum. However, once the nickel content is increased (the set of HEA10), the trend is reversed.




4. Conclusions


This paper is an attempt to supplement the existing knowledge [18,19,20,21] regarding the effects of nickel addition on the obtainment of HEAs SS that were afterwards utilized to grow thin HEA and HEN films, as well as regarding their characteristics. Therefore, different batches were performed from the AlCrFeCoNix system with a nickel molar ratio x from 0.2 to 2.0 using the VAR technique. The mass of the ingots was 99.25%–99.77% of the initial total weight of the employed chemical materials. These values indicate that, during the elaboration process, elemental losses are minimal, caused by small splashes or vaporization, without significantly altering the chemical composition of experimental batches. The microstructure of as-cast alloy is dendritic. By increasing the nickel content, grain refinement can be observed, as well as a progressive decrease of the microhardness.



XRD analyses showed a target structural transition from a BCC (HEA2) to an FCC (HEA10) type lattice with the increase in nickel content. Films were deposited with a KrF laser under vacuum and N2 atmospheres. Their structure was a mixture of FCC and BCC lattices for all targets used here. EDS analyses showed a good stoichiometric transfer from targets to thin films using the PLD technique. XPS analyses showed a small difference in the elemental composition of each thin film set; it also showed the incorporation of nitrogen atoms into metallic nitride compounds. Measurements with a 4PP system found that a higher resistivity was measured for films deposited under an N2 atmosphere. Nanoindentation measurements found that thin HEA2 and HEA10 films have the highest hardness and lowest elastic modulus values over their pairs of HEN thin films. However, this trend was reversed for thin HEA6 and HEN6 films, which showed higher values. A similar tendency was observed for the wear resistance of thin HEN over HEA films of pairs with a nickel molar ratio of 0.4 and 1.2 over those with a nickel molar ratio of 2.0. The trend in the capacity to dissipate energy when plastic deformation happens, of the HEAs over the HENs pairs of the pairs with nickel molar ratios of 0.4 and 2.0 over those with a nickel molar ratio of 1.2, which have the opposite values, was also observed. All samples reached the stable plateau (COF = 0.7–0.8) up to the 30 m mark, without any changes in the wear behaviour after this point. One can observe that the best behaving samples are the ones from set HEA2, which reached the stable plateau after approximately 15 m, while the remaining samples exhibited a stable friction coefficient much sooner. This phenomenon is in agreement with both the higher hardness of these samples, as well as with the higher H/E ratio values. There is no discernible influence of the deposition atmosphere on the wear behaviour, samples deposited in vacuum or those deposited in N2 behaving similarly.
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Figure 1. XRD patterns show a structural evolution of HEAs bulk SS targets from bcc (red line) to a mixed bcc-fcc structure (blue line) and finally fcc (green line) due to an increase of nickel molar content. 
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Figure 2. XRD patterns of (a) the analysed thin HEA films and (b) the analysed thin HEN films, both containing different nickel molar content, 0.4, 1.2, and 2.0. TF stands for thin film. 
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Figure 3. Typical SEM images of the surface morphology of a HEA6 thin film at different magnifications: 1000×, 4000×, and 30,000×, from left to right, respectively. 
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Figure 4. Typical SEM images of the surface morphology of a HEN6 thin film at different magnifications: 1000×, 4000×, and 15,000×, from left to right, respectively. 
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Figure 5. Cross-section obtained images of thin films and of their thicknesses which can be readable on marked bars of the HEA6 thickness ~1.37 × 10−7 m on the left side, and of the HEA2 thickness ~2.32 × 10−7 m on the right side. 






Figure 5. Cross-section obtained images of thin films and of their thicknesses which can be readable on marked bars of the HEA6 thickness ~1.37 × 10−7 m on the left side, and of the HEA2 thickness ~2.32 × 10−7 m on the right side.



[image: Coatings 12 01211 g005]







[image: Coatings 12 01211 g006 550] 





Figure 6. Plotted data on chemical elemental composition measurements by EDX of all HEAs bulk SS, and corresponding thin HEAs as well as HENs films of nickel concentration 0.4, 1.2, and 2.0. B stands for bulk, TF-V for thin HEA films, and TF-N2 for thin HEN films. 
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Figure 7. Plotted data on chemical elemental composition measurements by EDX and XPS of HEAs bulk SS, and corresponding thin HEAs as well as HENs films of nickel concentration of (a) 0.4, (b) 1.2, and (c) 2.0. 
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Figure 8. Plotted data on chemical elemental composition measurements by XPS of (a) N2 content of the thin HEA and HEN films with nickel concentration 1.2, (b) overall analysis of the thin HEA and HEN films with nickel concentration 0.4, (c) overall analysis of the thin HEA and HEN films with nickel concentration 1.2, and (d) overall analysis of the thin HEA and HEN films with nickel concentration 1.8. 
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Figure 9. Plotted data on the variation of some measured mechanical characteristics: (a) hardness and elastic modulus, and (b) H/E ratio and H3/E2 ratio, both as function of HEA and HEN thin films, as obtained by instrumented indentation. 
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Figure 10. Plotted data on critical loads variation as function of sample characteristics: (a) LC2—the load necessary for the first delamination, and (b) LC3—the load responsible for total film removal. 
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Figure 11. Obtained optical micrographs from scratch tests by critical load LC3 performed on (a) the thin HEA and HEN films with nickel concentration 0.4, 1.2, and 2.0 respectively, displayed on vertical from left to right, and (b) plotted data on the variation of the dynamic friction coefficient, as function of distance, obtained in dry conditions against Al2O3 balls. 
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Table 1. Summaries of thin HEA and HEN films grown from (a) HEA2, (b) HEA6, and (c) HEA10 SS targets of crystalline structures from BCC (top) to FCC (bottom) lattice systems.
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Bulk

Source

	
Thin Film No.

	
Substrate

	
Deposition Parameters




	
pu (mbar)

	
pN2 (mbar)

	
T (min)

	
E (mJ)

	
Tsubst (°C)






	
(a)

HEA2

	
1

	
Glass

	
4.0 × 10−7

	
1.0 × 10−4

	
12

	
450

	
RT




	
2

	
Glass

	
4.2 × 10−7

	
-

	
12

	
450

	
RT




	
3

	
Si

	
1.9 × 10−7

	
-

	
12

	
450

	
RT




	
4

	
Si

	
1.6 × 10−7

	
1.0 × 10−4

	
12

	
450

	
RT




	
(b)

HEA6

	
1

	
Glass

	
4.3 × 10−7

	
1.0 × 10−4

	
12

	
450

	
RT




	
2

	
Si

	
1.3 × 10−7

	
-

	
12

	
450

	
RT




	
3

	
Si

	
4.5 × 10−7

	
1.0 × 10−4

	
12

	
450

	
RT




	
4

	
Glass

	
1.7 × 10−7

	
-

	
12

	
450

	
RT




	
(c)

HEA10

	
1

	
Glass

	
4.5 × 10−7

	
-

	
10

	
450

	
RT




	
2

	
Si

	
1.7 × 10−7

	
-

	
12

	
450

	
RT




	
3

	
Si

	
3.3 × 10−7

	
1.0 × 10−4

	
12

	
450

	
RT




	
4

	
Glass

	
2.2 × 10−7

	
1.0 × 10−4

	
9

	
450

	
RT




	
5

	
Glass

	
2.0 × 10−7

	
-

	
15

	
200

	
RT




	
6

	
Glass

	
6.0 × 10−7

	
1.0 × 10−3

	
12

	
385

	
RT




	
7

	
Glass

	
2.0 × 10−7

	
1.0 × 10−4

	
14

	
371

	
RT




	
8

	
Glass

	
3.0 × 10−7

	
1.0 × 10−5

	
12

	
375

	
RT




	
9

	
Glass

	
1.9 × 10−7

	
-

	
12

	
400

	
RT




	
10

	
Glass

	
2.3 × 10−7

	
-

	
12

	
300

	
RT
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Table 2. Summary of physical parameter values determined for indicated thin films.






Table 2. Summary of physical parameter values determined for indicated thin films.





	
Bulk Source

	
Thin Film No.

	
Grain Size [Å]

	
Lattice Parameter [Å]






	
HEA2

	
(target)

	
90 (bcc)

	
2.879 (bcc)




	
1 (N2)

	
112 (bcc)

37 (fcc)

	
2.884 (bcc)

3.008 (fcc)




	
2 (vacuum)

	
208 (bcc)

66 (fcc)

	
2.879 (bcc)

2.981 (fcc)




	
HEA6

	
(target)

	
114 (bcc)

112 (fcc)

	
2.879 (bcc)

2.995(fcc)




	
1 (N2)

	
145 (bcc)

38 (fcc)

	
2.874 (bcc)

3.017 (fcc)




	
4 (vacuum)

	
142 (bcc)

62 (fcc)

	
2.872 (bcc)

3.015 (fcc)




	
HEA10

	
(target)

	
117 (fcc)

	
2.993 (fcc)




	
4 (N2)

	
52 (fcc)

	
3.006 (fcc)




	
1 (vacuum)

	
182 (bcc)

41 (fcc)

	
2.865 (bcc)

3.015 (fcc)











[image: Table] 





Table 3. Summary of HEA and HEN thin films thicknesses, values of U/Imin and resistivities.






Table 3. Summary of HEA and HEN thin films thicknesses, values of U/Imin and resistivities.





	
Bulk Source

	
Thin Film

No.

	
Thickness,

t [m]

	
(U/I)min

[mV/mA]

	
Rs [Ω]

	
Resistivity,

ρ [µΩ-cm]






	
HEA2

	
2 (vacuum)

	
1.77 × 10−7

	
1.31

	
5.93

	
105.3




	
4 (N2)

	
2.32 × 10−7

	
1.43

	
6.48

	
150.6




	
HEA6

	
2 (vacuum)

	
1.37 × 10−7

	
1.72

	
7.79

	
106.7




	
3 (N2)

	
2.66 × 10−7

	
1.61

	
7.29

	
194.1




	
HEA10

	
2 (vacuum)

	
1.19 × 10−7

	
1.67

	
7.56

	
90.4




	
4 (N2)

	
1.64 × 10−7

	
1.71

	
7.75

	
127.2
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