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Abstract

:

Refractory high-entropy alloy (RHEA) is one of the most promising materials for use in high-temperature structural materials. In this study, the WMoNbTaV coatings on 304 stainless steel substrates has been prepared by mechanical alloying (MA). Effects of V addition and subsequent heat treatment on properties of the WMoNbTaV coatings were investigated. The results show that the RHEA coatings with nanocrystalline body-centered cubic (BCC) solid-solution phase were generated by the mechanical alloying process. The presence of the V element promotes a uniform microstructure and homogeneous distribution of composition in the RHEA coatings due to improving alloying efficiency, resulting in an increase of hardness. After the annealing treatment of the RHEA coatings, microstructure homogeneity was further enhanced; however, the high affinity of Ta for oxygen causes the formation of Ta-rich oxides. Annealing also removes strain hardening generated by high-energy ball milling and thus decreases the hardness of the RHEA coating and alters microstructure evolution and mechanical properties.
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1. Introduction


High-entropy alloy (HEA) contains multiple principal elements, often five or more in equimolar or near-equimolar ratios [1,2,3], and tends to form a disordered solid solution in a simple crystal of BCC, face-centered cubic (FCC), and hexagonal close-packed (HCP) without intermetallic compound formation [4,5,6]. The different constituents of the HEAs have been extensively studied due to their high strength, good thermal stability, and resistance to wear, fatigue, oxidation, and corrosion [7,8,9,10,11].



In the past few years, refractory high-entropy alloys composed of refractory elements with high melting points have attracted increasing attention because of their superior radiation resistance, high thermal stability, and excellent retention of strength at elevated temperatures [11,12,13]. Therefore, refractory HEAs have great potential applications in the nuclear power generation, aerospace, and automobile industries [14,15,16].



Recently, HEA coating has been considered as an option for the surface protection of materials. A number of researches [17,18,19,20] have shown that better wear and corrosion resistance and excellent mechanical and electrical properties were obtained by using HEA coatings. HEA coatings can be produced by the different advanced techniques including magnetron sputtering, laser cladding, spraying, electrodeposition, and plasma-transferred arc cladding [21,22,23,24,25]. In recent years, mechanical alloying is one of the most promising techniques for producing HEA coatings by solid-state powder processing. For instance, Li et al. illustrate that Cr coating prepared by mechanical alloying was well bonded with Cu substrate [26]. Several studies have shown the development and characteristics of HEA coatings by mechanical alloying [27,28,29]. Ge et al. reported that the CuZrAlTiNi HEA coating by mechanical alloying has high microhardness, uniformly dispersed nano-sized precipitates, phase boundary strengthening, and solid-solution strengthening [27]. Additionally, Shang et al. demonstrated that CoCrFeNi and CoCrFeNiCu HEA coatings by mechanical alloying with vacuum hot-pressing sintering (VHPS) technique exhibit excellent mechanical and magnetic properties [28]. Kang et al. also proposed that the WNbMoTaV HEA fabricated via the powder metallurgical process showed the best compressive yield strength and high densification in comparison with the processing by arc-melting and casting [29]. However, the research of HEA coatings based on refectory elements fabricated by mechanical alloying is still very limited.



Therefore, in the present work, the two RHEA coatings (WNbMoTa and WNbMoTaV) on the substrate of stainless steels produced by mechanical alloying were investigated. The annealing treatment of the refractory HEA coatings was also introduced in this work. This study aims to clarify the effects of V addition and annealing treatment on the synthesis and characteristics of the refractory WNbMoTaV HEA coatings. The influence of mechanical alloying on the properties of coatings would also be discussed in this paper.




2. Materials and Methods


The raw materials used in this study were W, Mo, Nb, Ta, and V elemental powders with a purity of 99.9% and particle size from 20–50 µm. An AISI 304 austenitic stainless steel was used as a substrate (a disk size of diameter = 6 mm and thickness = 2 mm). The surface of the substrate was prepared by conventional grinding/polishing procedures. The elemental powders were loaded into a vial, together with the stainless-steel substrate. A vial loaded with powders and substrates was sealed in a glove box with a highly purified argon atmosphere. In the present work, the WNbMoTa and WNbMoTaV HEAs were coated on substrates of austenitic stainless steels by mechanical alloying. An annealing treatment was further performed on the WNbMoTaV HEA coating sample under a high vacuum furnace (10−5 torr) at 950 °C for 2 h. The three model coatings with refractory HEAs were named as “WNbMoTa”, “WNbMoTaV”, and “WNbMoTaV-A” in this study. The nominal compositions of each model RHEA coating can be seen in Table 1. Mechanical alloying was conducted with the PM100 planetary ball mill (Retsch GmbH, Haan, Germany) at 300 rpm under an argon atmosphere for different durations: 4, 8, 16, and 24 h. The vial and ball materials used in the study were tungsten carbide with the ball to powder ratio of 10:1. The model RHEA powders and coatings were characterized by X’Pert PRO X-ray diffractometer (XRD) (PANalytical, Almelo, The Netherlands). The crystallite size and lattice strain were calculated using Scherrer’s formula [30]. Microstructure characterization and chemical composition analysis of the model RHEA coatings were examined using a Hitachi-4700 scanning electron microscope (SEM) (Hitachi High-Tech Corporation, Tokyo, Japan) with energy-dispersive X-ray spectroscopy (EDS) at an accelerating voltage of 15 keV. The hardness testing was performed on Future Tech FM-310 Micro Vickers Hardness Tester machine (Future-Tech Corporation, Kawasaki, Japan) using a square-based diamond pyramid indenter with a load of 25 g for 15 s.




3. Results and Discussion


3.1. Characterization of the Model RHEA Powders


Figure 1a shows the XRD spectra of the WMoNbTa HEA milled powders as a function of milling time. The strong diffraction peaks of the un-milled powders correspond to the starting elements (W, Mo, Nb, and Ta). The elements of (W, Mo) and (Ta, Nb) have a similar crystal structure, and thus their peaks tend to overlap each other. After 4 h of milling, the peaks of (Ta, Nb) at 2θ of ~82° and ~95° disappeared, suggesting the formation of a partial solid solution. In addition, the peaks of W and Ta elements are dominant in the early stage of milling (4 h); however, Mo and Nb elements have greatly declined, which could be associated with their low melting points compared to the W and Ta elements, respectively. It has been reported that the alloying rate correlates well with the melting point during ball milling [31]; therefore, in this case, the low melting point of Mo and Nb elements would have a higher alloying rate and accelerate solid-state diffusion rate in the unlimited solid solubility of the (W–Mo) and (Ta–Nb) isomorphous systems during ball milling. As the milling times increased to 8 h and 16 h, the Ta peaks at 2θ of ~55° and ~70° disappeared. A number of diffraction peaks are margining and tend to form a single BCC solid-solution phase located at 2θ of 40°, 58°, 73°, 87° and 102°. Moreover, in this stage, the diffraction peak at the low 2θ angle (~38°) still remains the transient phase corresponding to the Ta-rich phase. It has been proposed that the transient phases of TaW, TaMo, and MoNb can be found in NbMoTaW HEA powders after 12 h of milling, indicating that a metastable solid solution between elements can be produced during the alloying process [32]. At the final stage of milling (24 h), it was demonstrated that the five diffraction peaks of the BCC solid-solution phase were clearly observed in WMoNbTa HEA powders. The result indicates that all of the elements were dissolved into the WMoNbTa HEA system and confirmed that a single-phase with BCC crystal structure is successfully synthesized by mechanical alloying. The analysis also revealed that peak broadening and peak shifting were apparently observed with increasing milling time in the XRD diffraction patterns. It is generally associated with grain size reduction, an increase of internal strain, and the formation of solid solution [33].



Figure 1b shows the XRD spectra of the WMoNbTaV HEA milled powders as a function of milling time. The XRD result has a similar tendency to that of the WMoNbTa HEA powders, see Figure 1a. At the un-milled powders, the peaks of the V element were detected, and the intensity of the peaks is relatively lower than other elements due to its low atomic mass. After 8 h of milling, the diffraction peaks of V and Ta disappeared; however, the peaks of W and Mo elements approached each other and finally merged together. This indicates that all elements had dissolved into the RHEA system and formed a single BCC solid-solution phase. It should be noted that there are still remaining transient phases (TaW or TaMo) located at 2θ of 38° in the XRD pattern after 16 h of milling. The presence of the transient phase (Ta-rich) is the same in the case of the WMoNbTa powders milled for 16 h, see Figure 1a. As the milling time increased to 24 h, the complete disappearance of all the elements peaks and the formation of a single-phase into the BCC solid solution were obtained. The analysis also revealed that peak broadening and peak shifting were apparently observed with increasing milling time in the XRD diffraction patterns. The result suggests that severe lattice distortion and the change of crystallite size were induced by crystal defects during ball milling, which is generally associated with grain size reduction, an increase of internal strain, and the formation of solid solution [33].



Figure 2 shows the variation of the crystallite size and lattice strain of the WMoNbTaV HEA powders as a function of milling time. In the initial stage of milling (4 h), it can be clearly seen that a significant reduction of crystallite size and increase of lattice strain were obtained. It is believed that severe plastic deformation induced by ball collisions provides large strain energy in the milled powders, which promotes the formation of transient phases in the early stage of milling. With increasing milling time, a continued increase in the lattice strain and reduction of crystallite size were observed. It suggests that the repeated fracture and cold welding during the milling process encouraged the formation of RHEAs with the dominant BCC solid-solution phase.




3.2. Characterization of Model RHEA Coatings


3.2.1. SEM Observation/EDS Analysis


Figure 3 shows the cross-sectional SEM images of the WMoNbTaV HEA deposited on the substrate of stainless steel at different milling times. Three regions were observed in the microstructure including the incomplete milling powder, coating layer, and substrate. In the initial stage of milling (4 and 8 h), the non-uniform microstructure with segregation of elements and an irregular interface between the coating and substrate were found, see Figure 3a,b. Furthermore, there are a few microcracks and microvoids formed on the coating layer. In this stage, the incomplete mechanical alloying leads to a significant effect on the low densification and microstructure inhomogeneity of the RHEA coatings, which caused deterioration of the mechanical properties. After long milling durations (16 and 24 h), it promotes more homogeneous microstructure distribution and improved densification of the RHEA coatings (see Figure 3c,d). In this case, at the final stage of milling, the formation of BCC solid-solution phase with a uniform distribution of elements in the coating can be finally achieved. Besides, it is obvious to see an increasing trend in coating thickness with an increase in milling time (from ~30 μm for 4 h of milling to ~60 μm for 24 h of milling).



Figure 4 also shows the EDS mapping of the WMoNbTaV HEA coating milled for 24 h. All of the alloying elements are observed on the EDS maps and homogenously distributed on the coating layer. It confirmed that a uniform distribution of elements in the materials can be obtained and correlated to a single BCC solid-solution phase formed by mechanical alloying.



Figure 5 displays the cross-sectional SEM images and EDS analysis of the three model HEA coatings milled for 24 h. The microstructure of the WMoNbTa HEA coating can be seen in Figure 5a and demonstrates a non-uniform distribution of microstructure with a number of microcracks and pores. EDS analysis revealed that a homogenous distribution of elements was found in the middle area of the coating, see point A. The EDS analysis at the interface, see point B, is more than 1 μm distance from the substrate, which has less influence on picking up X-rays from the substrate. The distribution of elements at the interface indicates a high concentration of Fe and Cr elements. In this case, it is most likely that the very hard coating powders with refractory metal elements can wear the soft stainless-steel substrate due to severe deformation and stain energy induced by high-energy ball milling, which dominated all the interaction and diffusion processes between the coating and substrate. Figure 5b shows the cross-sectional microstructure of the WMoNbTaV HEA coating. It reveals that the homogeneous microstructure was developed. EDS analysis also indicates a consistent distribution of elements in the coating region, see point C, which has a close composition with the designed WMoNbTaV model HEA in an equal concentration of 20 at.% for each element. The results confirmed that a complete solid solution of the WMoNbTaV HEA coating can be obtained by mechanical alloying. It also implied that the presence of V elements plays an important role in determining microstructure evolution and homogeneity of the materials. It has been reported that the addition of V in the WMoNbTaV HEA system can refine the microstructure and obtains a uniform distribution of grain size [16]. WNbMoTaV HEA fabricated using mechanical alloying also provides increased densification (99.5%) and compressive yield strength, which were much higher than that of RHEAs produced by arc-melting and casting [29].



On the other hand, Figure 5c shows the cross-sectional microstructure of the WMoNbTaV model HEA coating after annealing treatment at 950 °C. A uniform microstructure and distribution of alloying elements were also received in this coating sample, see point E; however, a number of oxides appeared as dark particles were found in the coating region. (see red circles in Figure 5c). It suggests that high-temperature annealing promotes a rapid reaction of the alloying elements and residual oxygen gas located on the pores of the coating, leading to the formation of numerous oxides on the materials.



Figure 6 illustrates the cross-sectional morphology and EDS line profile spectra of the elemental distribution in the WMoNbTa, WMoNbTaV, and WMoNbTaV-A model HEA coatings. A high concentration of Fe and Cr was found in all the model RHEA coatings corresponds to the stainless-steel substrate. A large variation of element distribution can be seen in the WMoNbTa coating sample, see Figure 6a. It might contribute to the presence of heterogeneous microstructure, porosity, and microcracks on the coating layer. In contrast, a uniform distribution of alloying elements was achieved in the WMoNbTaV HEA coating, see Figure 6b, which can be related to the enhanced homogeneity of microstructure. It is reasonable to assume that the addition of V in the brittle RHEA coatings can provide the ductility of the alloy system and therefore achieves a balance between cold welding and fracturing during ball milling. Consequently, it facilitates the alloying process and accelerates the formation of the solid-solution phase, as well as increases the diffusion rate and solid solubility of the RHEA system. Figure 6c demonstrates that more inhomogeneous distribution of elements was obtained in the WMoNbTaV HEA coating after annealing. It implied that the annealing treatment promotes the formation of oxide particles, which alters the constitution of the RHEA system, resulting in the change of the elemental distribution, microstructure homogeneity, and densification of the RHEA coating. A small amount of oxygen was also been detected in the EDS line scan of the WMoNbTaV-A HEA coating, see Figure 6c, which can be correlated to the formation of oxides after high-temperature annealing.



An enlarged SEM image of the WMoNbTaV HEA coating after annealing can be seen in Figure 7. A large number of oxides that appeared as a dark region were found and have been identified as Ta-rich oxides by EDS analysis. In addition, the chemical composition determined by EDS mapping demonstrates that the high levels of oxygen (26.61 at.%) and carbon (24.29 at.%) contents were obtained, see the table of Figure 7. In this case, oxides and carbides are therefore expected to form on the RHEA coating during annealing treatment. Apart from sintering or annealing effects, it has been proposed that the mechanical alloying has extensive contamination of carbon and oxygen to the materials more than 1 wt.% even just after 10 h of milling [34,35]. Such contamination can be more prevalent in refractory HEAs due to their higher hardness. It should be noted that the addition of a processing control agent and the use of grinding media during mechanical alloying are responsible for carbon and oxygen contamination [35].




3.2.2. XRD Analysis


Figure 8a shows the XRD spectra of the WMoNbTaV HEA coating at the different milling durations. It is obvious that at the beginning of milling (4 h), all constituent elements were identified by the strong diffraction peaks due to the incomplete milling process. However, with increasing milling time, peak broadening and shifting were observed. Some of the peaks disappeared or merged. It indicates the introduction of crystal defects, high lattice strain, and formation of solid solution. Finally, a single BCC solid-solution phase was obtained after a long milling duration. The XRD result of the WMoNbTaV HEA coating is very similar to that of the WMoNbTaV powders (see Figure 1b). However, it was clearly revealed that there is still one peak visible at 2θ of 38° in the coating sample milled for 24 h. It can be assumed that a small amount of the transient phase (Ta-rich phase) can remain in the RHEA coating at the final stage of milling. It is believed that the Ta element has a high melting point in the RHEA system, and thereby, the alloying rate could be reduced and could slow down the solid-state diffusion rate during ball milling [33]. It is expected that a further milling process (more than 24 h of milling) could transfer the transient phase into a solid-solution phase of the BCC structure. Furthermore, it might be also related to the impact energy input in the milled powders, which is larger than that of the coating layer during mechanical alloying process [32]. In this case, the formation of transient phases would not be observed in the powder form under a long milling duration (24 h), see XRD pattern of the WMoNbTaV powders milled for 24 h in Figure 1b.



On the other hand, the XRD patterns of the WMoNbTaV-A HEA coating for different milling times can be seen in Figure 8b. The main peaks corresponding to BCC solid-solution phase were found at all milling times. It implied that the annealing treatment increases the rate of diffusion by providing the thermal energy needed for solid solution and thereby accelerates the formation of BCC solid-solution phase at the initial stage of milling. However, the high temperature of annealing can also result in oxidation of the RHEA coatings. It can be seen clearly that a few diffraction peaks corresponding to TaO have been identified in all milling times. The XRD investigations are in good agreement with the results obtained from the SEM/EDS, see Figure 7, which shows the formation of oxide particles in the coating layer. Furthermore, there is no peak broadening effect on the spectra of the coatings with increasing milling time after annealing at 950 °C. It suggests that sufficient thermal energy provided by the annealing treatment facilities the diffusion of atoms between the alloyed powders, thereby improving crystallinity and reducing crystal defects of the coatings [36].




3.2.3. Hardness


Figure 9 shows the hardness values of the WMoNbTaV HEA coatings as a function of milling time. Note that the coatings were heterogeneous and the hardness measurement was made in the place with the greatest thickness. The results reveal that the hardness increases with increasing milling time. The highest hardness value of 1308 HV 0.025 was obtained at 24 h of milling in the middle region of the coating, which is greater than that of 4 h of milling (988 HV 0.025). It is believed that the uniform microstructure, high densification, and the formation of BCC sold solution phase obtained by a long milling duration (24 h) can significantly increase the hardness of the RHEA coating. On the other hand, Figure 10 exhibits the variation of hardness in the three model RHEA coatings milled for 24 h. The WMoNbTaV HEA coating has the highest average hardness value of 1205 HV 0.025; however, the coating after annealing shows a relatively low hardness value (967 HV 0.025 on average). It should be pointed out that 304 stainless-steel substrates are intrinsically subject to embrittlement due to precipitation of second phases when exposed to high temperature for a long time [37]. However, annealing of the substrate is not a primary goal and beyond the scope of this study.






4. Conclusions


The WMoNbTa and WMoNbTaV HEA coatings on the stainless-steel substrates were successfully fabricated by mechanical alloying. The XRD results show that a single solid-solution phase with BCC crystal structure forms in the WMoNbTa and WMoNbTaV HEA powders after 24 h of milling. The microstructure of the WMoNbTa HEA coating exhibits a non-uniform distribution of microstructure with a number of microcracks and pores. However, a homogeneous microstructure with a fine grain structure and high densification were observed in the WMoNbTaV HEA coating. It suggests that the presence of V elements plays an important role in determining microstructure evolution. It is reasonable to assume that the addition of V in the brittle RHEA coatings can provide the ductility of the alloy system and can therefore achieve a balance between cold welding and fracturing during ball milling, which encourages homogeneity of the materials. The WMoNbTaV HEA coating after annealing treatment indicates that a large number of oxides appeared as dark particles were found and have been identified as Ta-rich oxides. It implies that high-temperature annealing promotes a rapid reaction of the alloying elements and residual oxygen gas, resulting in the oxidation of materials. Additionally, the WMoNbTaV HEA coating has a much higher hardness (an increment of ~25%) than that of the RHEA coating after annealing. The results suggest that the annealing treatment can remove the effects of strain hardening generated by high-energy ball milling, which has a significant reduction in the hardness of the RHEA coating.
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Figure 1. X-ray diffractometer (XRD) spectra of (a) the WMoNbTa and (b) WMoNbTaV high-entropy alloy (HEA) powders for different milling durations: 0, 4, 8, 16 and 24 h. 
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Figure 2. Variation of crystallite size and lattice strain of the WMoNbTaV HEA powders at different milling times. 
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Figure 3. Cross-sectional SEM images of the WMoNbTaV HEA coating on the stainless-steel substrate for (a) 4, (b) 8, (c) 16, and (d) 24 h of milling. 
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Figure 4. The energy-dispersive X-ray spectroscopy (EDS) mapping of the WMoNbTaV HEA coating milled for 24 h (a) SEM image, (b) C map, (c) O map, (d) W map, (e) Mo map, (f) Nb map, (g) Ta map, (h) V, (i) Fe map, and (j) Cr map. 
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Figure 5. Cross-sectional SEM images and EDS analysis of (a) the WMoNbTa, (b) WMoNbTaV, and (c) WMoNbTaV-A coatings. 
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Figure 6. Cross-sectional morphologies and EDS line profile spectra of the elemental distribution of (a) the WMoNbTa, (b) WMoNbTaV, and (c) WMoNbTaV-A coatings. 
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Figure 7. SEM image of the enlarged WMoNbTaV-A coating milled for 24 h. 
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Figure 8. XRD spectra of (a) the WMoNbTaV and (b) WMoNbTaV-A HEA coatings for different milling durations: 4, 8, 16, and 24 h. 
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Figure 9. The microhardness distribution of the WMoNbTaV HEA coating at different milling durations. 
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Figure 10. The microhardness distribution of the three model RHEA coatings milled for 24 h at various cross-sectional depths. 
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Table 1. The nominal compositions of the model refractory high-entropy alloy (RHEA) coatings (at.%).
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	RHEA Coating
	W
	Mo
	Nb
	Ta
	V
	Annealing





	WMoNbTa
	30
	30
	20
	20
	–
	–



	WMoNbTaV
	20
	20
	20
	20
	20
	–



	WMoNbTaV-A
	20
	20
	20
	20
	20
	950 °C for 2 h
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