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Abstract

:

In this work, a new multi-component (CrFeMoNbZr)Ox system was developed. The thin films presented dual-phase amorphous structures, comprising a dominant amorphous alloy phase and a small amount of an amorphous oxide phase. The thin films showed higher hardness and better corrosion resistance than a commercial Zr-based alloy. The combined properties of high hardness and superior corrosion-resistance make the amorphous thin film a candidate for coating materials on commercial Zr-based alloys for engineering applications.
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1. Introduction


High entropy alloys (HEAs) have attracted great attention due to their unique properties likely associated with four “core effects” including lattice distortion, sluggish diffusion, high entropy and “cocktail” effects [1,2,3,4]. However, it was suggested in recent literatures that these “core effects” may not be as indispensable as the researchers proposed in HEAs [5,6]. For example, the configurational entropy effect alone cannot determine the formation of single-phase solid solution phase in HEAs [5]. The diffusion of the components in the HEAs is not extremely sluggish [4,5]. Nevertheless, HEAs represent a class of promising materials with very special design concept that may give rise to certain unusual phenomena. Among them, some refractory HEAs (RHEAs) even show superior high-temperature mechanical properties over traditional high-temperature alloys [6,7,8].



Despite so many excellent properties, the applications of HEAs are still limited by relatively high production costs and poor processing performance [7]. From this perspective, producing HEAs in forms of thin film and coating could significantly reduce the cost and extend their application range [9]. In fact, various metallic, ceramic and composite coatings based on HEAs have been developed and shown attractive properties, including high hardness and exceptional wear-resistance [10,11,12,13]. Hard and wear-resistant coatings are widely used as surface protective layers for cutting tools, processing molds, drive shafts and gears, etc. in various engineering fields. In addition, many research efforts have been devoted to investigating the irradiation tolerance, phase stability, corrosion resistance and oxidization resistance of the HEA thin films [12,14,15,16].



Tunes et al. reported that FeCrMnNi alloy thin films showed improved irradiation resistance and better phase stability than TiN ceramics [14]. Therefore, the highly concentrated FeCrMnNi alloy thin films were proposed as a candidate coating material towards the development of new accident tolerant fuel systems [14]. Zhang et al. deposited nanocrystalline CoCrCuFeNi HEA thin films to test the phase stability under irradiation [16]. They found that the face-centered-cubic (FCC) phase was stable under the high-dose irradiation up to 600 dpa [16].



Therefore, one of the potential applications for these HEA thin films is to coat them on zirconium alloy claddings for enhancing their oxidation resistance and mechanical properties at high temperatures. It is known that several ceramic materials, such as SiC, MAX phases (Ti2AlC and Ti3SiC2), oxides and nitrides have been widely studied for their potential uses as protective coatings on nuclear fuel cladding [17,18,19,20,21,22,23]. However, their brittle nature poses difficulty in forming tough coatings with high mechanical durability under thermal shock or impact force. Compared with these ceramic coatings, high strength HEA thin films with enhanced fracture toughness at high temperatures could be an alternative choice.



In addition to the requirements for thermomechanical stability and irradiation resistance, high temperature oxidation resistance is one of the most important properties for developing accident-tolerance fuel systems [24,25]. It is apparent that the oxide ceramics have higher oxidization resistance than the HEA thin films. It was reported that the HEA-based (AlCrTaTiZr)Ox thin films possessed amorphous structure, showing higher hardness than the oxygen-free AlCrTaTiZr HEA thin film [26]. The partially oxidized HEA-based thin films may offer an alternative solution to enhance the high temperature oxidization resistance of HEA-based metallic thin films.



In this work, amorphous multi-component (CrFeMoNbZr)Ox thin films were prepared. The metal components in the thin films meet the following criteria. First, all the metals of Cr, Fe, Mo, Nb and Zr have smaller thermal neutron absorption cross section than 4.0 barn, which could lead to good radiation resistance. Second, the films contain Zr. It is well accepted that Zr-based alloys are the most important fuel cladding and core structural materials for light water reactor (LWR), which is a major type of nuclear power reactor in the world [24,25]. The Zr-contained thin film could be deposited on Zr-based alloys, to ensure good adhesion with the substrates. Third, Mo and Nb are two typical refractory metals. They are often chosen for developing RHEAs to improve high temperature mechanical properties. Last but not at least, the thin films are partially oxidized. In addition, Cr is an important alloyed element for enhancing the corrosion resistance of metals or alloys. This may lead to superior high-temperature oxidization resistance.




2. Materials and Methods


A 20-inch CrFeMoNbZr target with the constituents at equal atomic ratio was prepared by hot press sintering metal powders. After fully mixed by ball milling, the metal powders with purities over 99.9% were heated in a three-phase vacuum hot pressing sintering furnace (SJJ-FK, ZRIME, Zhengzhou, China) from 100 °C to 1400 °C and pressed at 30 MPa for 4hs in an Ar atmosphere. With the CrFeMoNbZr target, the thin films were deposited on Si and Zr-1.5Sn-0.2Fe-0.1Cr (Zr-4) alloy substrates under pure Ar condition by radio frequency magnetron sputtering (JCP-200, Technol, Beijing, China). During the sputtering, the substrates were rotated at a constant speed to ensure the compositional uniformity of the deposited thin films. The Ar gas flow rate was 20 sccm and the working pressure was 0.25 Pa in the chamber.



The structure of the thin films was investigated by glancing incidence X-ray diffraction analysis (GIXRD, D/max-2550, Rigaku, Tokyo, Japan) and high-resolution transmission electron microscopy (HRTEM, JEM-2100, JEOL, Tokyo, Japan). To estimate the deposition rate of the film, we measured its thickness by atomic force microscopy (AFM, Cypher, Oxford Instruments, Oxford, UK). The composition of the thin films was analyzed by X-ray photoelectron spectrum (XPS, ESCALAB 250Xi, Thermo Fisher, Waltham, MA, USA). According to the XPS results, the thin film contained 25.2 at. % oxygen. The oxygen was supposed to originate from the alloy target made from the metal powders with surface oxidization. Such oxidization was difficult to be avoided. On the other hand, the partially oxidized thin films would be used as coatings on certain substrates to protect them from oxidization.



Two testing methods were used to characterize the hardness of the prepared films and the substrate for comparison. A micro hardness tester (HV-1000A, Laizhou Huayin, Laizhou, China) was used to measure the Vickers hardness (VH) of the Zr-4 alloy substrate. Five indentations with a load of 200 g and a 5 s indentation time were tested to derive the average hardness value of the substrate. The hardness of the thin film was tested by a nano indenter (G200, Keysight Technologies, Santa Rosa, CA, USA). Three indentations were tested to obtain the average hardness of the thin film. Note that the indentation depth was 80 nm, a fifteenth of the thin film thickness, to ensure that the measured result was relatively reliable.



An electrochemical workstation (CHI660E, CH Instruments, Shanghai, China) was used to characterize the corrosion resistance of the thin films. The Zr-4 alloy substrates were cut into cubes with dimensions of 5 mm × 5 mm × 5 mm. The two opposite surfaces of the samples were polished to be conductive before sputtering. Thin films over 500 nm were deposited on one polished side by magnetron sputtering, while the other side was subsequently soldered to one end of a copper wire by Sn. Then, all parts were covered with waterproof coatings and hot melt adhesive, except for the coated side. A three-electrode electrochemical cell was made to perform a Tafel chart test, with a Pt plate as the counter electrode and a saturated calomel electrode (+241 mV, OHAUS, Pine Brook, NJ, USA) as the reference electrode. The tests were carried out in 3.5 wt.% NaCl solution, with saturated KCl solution as a bridge. Figure 1 shows the image of the working electrode, the schematic diagram and the circuit diagram for the test device. After the open circuit potential became stable, the log(i)–E curves were tested at a sweeping rate of 1 mV/s. A Zr-4 alloy substrate was also tested for comparison.




3. Results


3.1. Formation and Structural Characterization of the (CrFeMoNbZr)Ox Thin Films


The thin films were deposited by magnetron sputtering technique. X-ray photoelectron spectrum (XPS) analysis was used to determine the thin film composition. To obtain the relatively accurate result, the measurement was performed in the thin film at a depth of about 100 nm below the surface. Based on the XPS full spectrum, the composition of the thin film was determined to be Cr12.7Fe17.5Mo19.0Nb13.2Zr12.4O25.2 (Figure 2a).



Figure 2b shows the chemical states of Cr, Fe, Mo, Nb, Zr and O elements measured at the thickness of 100 nm in the (CrFeMoNbZr)Ox thin film. Cr, Fe and Mo existed in their metallic states, while Nb and Zr were in both metallic and oxide states.



Figure 2c shows the chemical states of these elements measured at the surface in the (CrFeMoNbZr)Ox thin film. Most of Nb and Zr were in oxide states, whereas Mo still existed in its metallic state. Both Cr and Fe were partially oxidized. This selective oxidization of the metal components occurred because they have different affinities to oxygen [27].



Figure 3a shows the SEM image of the as-prepared thin film deposited for 100 min. The surface of the thin film was dense and smooth. In Figure 3b, the XRD pattern of the (CrFeMoNbZr)Ox thin film shows two broad diffraction peaks located at about 40.2° and 69°, indicating the formation of amorphous structure.



Figure 4 shows the high-resolution transmission electron microscopy (HRTEM) image of the thin film. In the (CrFeMoNbZr)Ox thin film, two regions were formed with different contrasts as indicated in Figure 4. Both regions showed maze-like atomic arrangements, indicating that both of them were amorphous (Figure 4). It is accepted that the contrast difference for amorphous materials comes from the mass thickness difference of different regions. The TEM sample was prepared by directly depositing the thin film onto the Cu grid coated with a holey amorphous carbon film and additional complete 2 nm thin carbon film. This assured the same thickness of the TEM sample for observation. Therefore, the contrast difference was mainly attributed to the atomic mass difference. In addition, the amount of the bright contrasted phase was small, corresponding to the inner diffraction halo with weak intensity (inset of Figure 4). The inner diffraction halo indicated a larger first-nearest neighbor distance compared with the second diffraction halo. Note that the dominant phase in the thin film was an amorphous alloy phase, as supported by the XRD pattern shown in Figure 3. Amorphous alloys usually possess a randomly dense packing structure and have more first-nearest neighbors than amorphous oxides [28,29]. It is thus reasonable to assume that the bright region 1 was an amorphous oxide phase formed by the partial oxidization of the thin film, while region 2 was the amorphous HEA matrix. Correspondingly, the inner halo was resulted by the amorphous oxide, while the outer bright one corresponded to the amorphous HEA matrix.




3.2. Mechanical Properties


Figure 5a shows the AFM-detected 3D image of the sample for detecting the height difference between the substrate and the thin film. The height difference between the two surfaces is shown in Figure 5b. It was found that the thin film deposited for 100 min had a thickness of about 1.2 μm. The sputtering rate was thus estimated to be about 0.2 nm/s, assuming that the deposition thickness increased linearly with the sputtering time.



To get reliable nanoindentation testing results, the nanoindentation displacement was set as 80 nm, about a fifteenth of the thin film thickness. Figure 5c shows the nano-indentation test results, which could be used to derive the hardness and the modulus of the as-deposited thin film. According to this load-displacement curve, the hardness of the HEA thin film was ~8.04 GPa and the elastic modulus was about 128.9 GPa. The Vickers hardness of the Zr-4 alloy substrate was ~1.93 GPa, much lower than that of the thin film. This indicated that the (CrFeMoNbZr)Ox thin film could be a protective coating deposited on the Zr-4 alloy, to enhance the substrate’s hardness and wear-resistance.




3.3. Corrosion Resistance


Figure 6 shows the potentiodynamic polarization curves of the Zr-4 alloy and the (CrFeMoNbZr)Ox thin film coated on the Zr-4 alloy substrate in 3.5 wt.% NaCl solution. The Tafel curve reflects the hydrogen evolution corrosion performance of the test samples in a neutral environment. The Ecorr of the Zr-4 alloy is −1.225 V, while the value of the coated one is −0.464 V. Besides, the pitting corrosion of the non-coated substrate started at 0.226 V. However, the Zr-4 alloy with the thin film coating did not show any sign of the pitting corrosion, even at voltages above 0.5 V. These results clearly showed that the (CrFeMoNbZr)Ox thin film enhanced the corrosion resistance of the Zr-4 alloy.





4. Discussion


Two amorphous phases are formed in the (CrFeMoNbZr)Ox thin film. The equivalent cooling rate could be as high as 106 K/s for magnetron sputtering [30]. At such a fast cooling rate of the order of 106 K/s, the nucleation and growth of crystalline phases can be avoided in most multi-component alloys, including HEA systems [12,15]. In addition, several oxygen-contained HEA systems including AlCrTaTiZr and TiZrHfCuNi thin films were easily formed in amorphous structure [12,26,31]. In the two amorphous phases, one is the dominant amorphous alloy Cr-Fe-Mo-Nb-Zr phase, while the other is an amorphous oxide phase.



In multi-component alloys, the average mixing enthalpy (ΔHmix) of a system is defined as


  Δ  H  mix   =   ∑  i = 1 , i ≠ j  n    c i   c j   Ω  i j      



(1)




where    Ω i    j  = 4  Δ  mix   AB    ,   Δ  H  mix   AB     is the heat of mixing for a binary equiatomic AB alloy, n is the number of components, ci and cj are the atomic percentages of the ith and jth elements, respectively [32].



The atomic size mismatch (δ) is defined as


  δ =     ∑  i = 1  n    c i  ( 1 −    r i   /    ∑  i = 1  n    c i   r i      )      



(2)




where ri is the atomic radius of the ith element [33].



The composition of the thin film is Cr17.0Fe23.6Mo25.4Nb17.6Zr16.6 if oxygen is excluded from the overall composition based on the XPS analysis. The ΔHmix value of the Cr17.0Fe23.6Mo25.4Nb17.6Zr16.6 alloy can be calculated to be about −11.98 kJ/mol, based on the data shown in Figure 7 [34]. The δ value is calculated to be about 0.096 [8,34]. Both the ΔHmix and δ values indicate that the alloy system tends to form amorphous phase instead of a solid solution phase [33]. If oxygen is involved, the ΔHmix and δ values of the Cr12.7Fe17.5Mo19.0Nb13.2Zr12.4O25.2 thin film can be calculated to be −882.09 kJ/mol and 0.302, respectively [8,34]. The combination of these two values also indicates the formation of amorphous phase in the multi-component system. Note that the applicability of the Equations (1) and (2) for predicting the phase formation in oxygen-contained multi-component systems needs to be further investigated.



Oxygen is easily included in metallic materials and does not always lead to detrimental effects on the properties of the materials. A previous report showed that oxygen induced significant strengthening effect in a TiZrHfNb HEA, enhancing both the strength and ductility via ordered oxygen complexes [35]. An amorphous Co-Fe-Ta-B-O oxide matrix nanocomposite also exhibited enhanced tensile ductility by oxidizing an amorphous CoFeTaB alloy [36]. In the present Cr-Fe-Mo-Nb-Zr system, all the metal elements have high affinities to oxygen because of the large negative heats for forming the metal oxides, as shown in Figure 7 [27]. Note that the elements of Cr, Fe, Nb and Mo have several oxide states. The formation heats shown in Figure 7 were determined for their most stable oxide states in forms of Cr2O3, Fe3O4, Nb2O5 and MoO3 [27]. Among all the metal components, Nb has the largest affinity to oxygen, while Mo has the smallest affinity to oxygen. Owing to the significant difference in their affinities to oxygen, selective oxidization is supposed to occur, by forming different metal oxide states in the thin film when oxygen is introduced.



The XPS results showed that the selective oxidization of the metal components indeed occurred (Figure 2b,c). Nb and Zr were firstly oxidized, while the oxidization degree of Cr, Fe and Mo was dependent on the amount of oxygen added to the system. The surface composition was determined to be Cr8.9Fe9.9Mo12.2Nb9.5Zr12.0O47.5 by the XPS full spectrum. The oxygen content at the surface of the thin film was much higher than that of the interior of the thin film at the thickness of about 100 nm below the surface. At the surface, most of Zr and Nb were oxidized, while Cr and Fe were partially oxidized. Mo remained to be metallic (Figure 2c). Namely, a complex mixture of different metal oxide states was formed at the surface of the thin film, as shown in Figure 2c. The formation of a dense metal oxide layer at the surface should account for the enhanced corrosion resistance of the thin film, which was even better than that of the Zr-4 alloy as shown in Figure 6. In comparison, only Zr and Nb were partially oxidized, while Cr, Fe and Mo retained their metallic states in the interior of the thin film (Figure 2b).



The present amorphous (CrFeMoNbZr)Ox thin film showed high hardness of about 8.04 GPa and better corrosion resistance than the Zr-4 alloy substrate at room temperature. The hardness of the present thin film was close to that of the amorphous (AlCrTaTiZr)Ox thin films and higher than most of the HEA alloy coatings reported to date [12,26]. In addition, the selective oxidization of the metal components in the system gave rise to the formation of dual-phase nanostructure, similar to that observed in the amorphous CoFeTaBOx nanocomposite [36]. The nanostructure may enhance the fracture toughness by hindering the rapid crack propagation [36]. These combined characteristics make the (CrFeNbMoZr)Ox thin film potentially become a candidate material used for protective coatings on the Zr-based alloys for accident-tolerant fuel (ATF) claddings. However, additional tests on the high-temperature performance of the (CrFeNbMoZr)Ox thin film are required to confirm this possible applicability. For example, high-temperature oxidation resistance, high-temperature mechanical properties including coating adhesion and high-temperature phase formation are the key factors to determine the thin films’ high-temperature performance.



On the other hand, annealing the (AlCrTaTiZr)Ox thin films at 900 °C enabled the nanocrystallization of its amorphous structure and eliminated the pre-cracks in the thin films, further increasing the hardness up to 20 GPa [26]. This result indicated that partially oxidized HEA thin films with amorphous structure could be used as coatings on Zr claddings to serve at low temperature. At high temperatures, these amorphous HEA-based thin films were precursors, based on which the overall performance could be optimized by nanocrystallization. Therefore, a systematic study on the crystallization behavior and high-temperature properties of the (CrFeNbMoZr)Ox thin film will be carried out in our next-step work.



In addition, the oxygen content in the (CrFeNbMoZr)Ox system can be further adjusted by depositing the thin films in a gas mixture of O2 and Ar. In fact, it has been proven in our previous work that the oxygen content of the Co-Fe-Ta-B-O system can be adjusted by controlling the partial pressure of O2 [36,37]. Increasing the partial pressure of O2 causes an increase in the oxygen content of the thin films. Adding more oxygen to the system can increase the volume fraction of the amorphous oxide phase. Eventually, a single-phase amorphous oxide could be formed at sufficiently high oxygen contents. In the future, we will perform a systematic study on the structural evolution and properties of the (CrFeNbMoZr)Ox thin films with different oxygen contents.




5. Conclusions


In this work, thin-film (CrFeNbMoZr)Ox samples with dual-phase amorphous structures of a dominant amorphous alloy phase and a small amount of an amorphous oxide phase were prepared by magnetron sputtering. The nano indentation test showed that the thin film possessed high hardness of ~8.04 GPa and elastic modulus of ~128.9 GPa. The thin film also exhibited good corrosion resistance at room temperature.
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Figure 1. Device with sample (WE) used in electrochemical testing (a), the schematic diagram of the working device (b) and the test circuit diagram (c). 
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Figure 2. (a) X-ray photoelectron (XPS) full spectrum, (b) XPS of each element at the thickness of 100 nm below the surface of the (CrFeMoNbZr)Ox thin film and (c) XPS of each element measured at the surface of the (CrFeMoNbZr)Ox thin film. 
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Figure 3. (a) The SEM image and (b) the XRD pattern of the sample prepared by magnetron sputtering. 
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Figure 4. HRTEM image of the CrFeMoNbZrOx thin film. The inset is the SAED pattern of the thin film. 
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Figure 5. (a) The 3D AFM image of the as-deposited thin film. (b) The height difference profile between the substrate and the thin film. (c) The load-displacement curve of the thin film. 
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Figure 6. Tafel curves of the high entropy alloy (HEA) thin film and the Zr-4 alloy substrate in 3.5 wt.% NaCl solution at room temperature. 
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Figure 7. The heats of mixing between the pairs of metal components and the heats for forming different stable metal oxides (unit: KJ/mole) in the Cr-Fe-Nb-Mo-Zr-O system. 
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