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Abstract

:

In this study, a CrFeMoNbTiW high-entropy alloy (HEA) coating was prepared on a Q245R steel (American grade: SA515 Gr60) substrate by means of laser cladding. The effects of annealing temperature on the microstructure and wear resistance of the CrFeMoNbTiW coating were investigated using X-ray diffraction (XRD), a scanning electron microscope (SEM), a Vickers hardness tester and a roller friction wear tester. The results showed that the coating was mainly composed of body-centered cubic (BCC) solid solution and face-centered cubic (FCC) structural (Nb,Ti)C carbides prior to annealing, exhibiting an interdendritic structure and needlelike dendritic crystal structure with average microhardness of 682 HV0.2. The coarsening of the dendrite arms increased gradually after a 10-h long annealing treatment at 800 °C, 900 °C and 1000 °C, and a small amount of Laves phase was produced. After annealing, the highest microhardness value of the as-annealed coating reached 1176 HV0.2, which represents an increase of approximately 72.5% compared to that of the as-deposit coating. The wear resistance testing results imply that this type of coating retains good wear resistance following the annealing treatment and that its wear resistance increases in proportion to the annealing temperature in a range from 800 °C to 1000 °C.
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1. Introduction


Owing to their high entropy, sluggish diffusion and lattice distortion effects in their multi-principal nature and dynamics [1,2], high-entropy alloys (HEAs) more easily form simple solid solution phases, including those with face-centered cubic (FCC) structures and body-centered cubic (BCC) structures, rather than complicated intermetallic compounds [3]. As a relatively new group of alloys, HEAs usually contain more than five components, and each constituent is in a near molar ratio but no larger than 35% [4]. HEAs tend to form the simple solid-solution structures with severe lattice distortion, which in turn yields a variety of interesting features such as high phase stability and sluggish diffusion [5]. Moreover, HEAs’ unique structure leads to solution strengthening and precipitation strengthening, which contributes to their good mechanical properties, such as high tensile strength and ductility, high wear resistance, thermal stability, and good resistance to oxidation and corrosion [6,7,8]. Thus, HEAs are considered an attractive potential structural material in various industrial applications. However, systematical research into the fabrication techniques involved in producing HEAs is still needed, and many scientific questions must urgently be addressed.



So far, the methods for preparing HEAs mainly involve the use of bulk ingots and coatings [9,10]. Vacuum arc melting, powder metallurgy and mechanical alloying techniques [10] are widely used for the preparation of HEAs bulk ingots, but the rapid cooling rate required for the formation of an FCC or BCC solid solution means that these methods can only fabricate bulk ingots of a limited size [9]. Moreover, the preparation of HEA bulk ingots wastes more material compared to the preparation of HEA films or coatings on low-cost substrates [11]. To date, HEA films or coatings have been prepared by magnetron sputtering, plasma spraying, electron beam evaporation deposition, chemical deposition and laser cladding [12]. Due to the simple process and low raw material costs, laser cladding technology for fabricating HEA coatings has attracted increasing attention. Furthermore, it should be noted that the laser cladding deposition techniques can fabricate the HEA coatings with a thickness of 1–5 mm and a rapid solidification rate of 104–106 °C/s on cost-effective iron substrates. Laser cladding can also avoid issues such as component segregation [13] and enhance the solubility of the coating [14]. For these reasons, recent studies have mainly focused on investigating the microstructure and mechanical properties of laser cladding HEA coatings [15,16,17,18,19,20]. For example, Qiu et al. [15] fabricated Al2CrFeCoCuTiNix HEAs on a Q235 steel substrate using laser cladding technology. The microhardness and wear resistance performance of the HEA coatings were tested, and it was found that the Al2CrFeCoCuTiNix HEAs coating exhibited high microhardness and good wear resistance, and could be used as the surface protective material in wear resistance structures. Liu et al. [16] investigated the effects of boron (B) content on the microstructure and wear resistance properties of an FeCoCrNiBx HEA coating created using laser cladding deposition technology. The results showed that the microstructure of such coatings can be refined and their wear resistance properties enhanced by increasing the B content.



Annealing an HEA coating deposited by laser cladding has important impacts on its microstructure and wear resistance [17,18,19,20,21,22,23]. Ye et al. [17] fabricated an AlxFeCoNiCuCr HEA coating on an AISI 1045 steel substrate by means of laser cladding. It was identified that the structures of the AlxFeCoNiCuCr HEA coating included BCC and FCC phases, and that the coating exhibited greater microhardness with an increasing proportion of aluminum (Al) atomic content within an annealing temperature range of 400 to 700 °C. Huang et al. [18] prepared a TiVCrAlSi HEA coating on an Ti6Al4V substrate using laser cladding technology, and found that Ti5Si3 and BCC solid solution phases could be identified in the coating at an annealing temperature of 800 °C. Luo et al. [19] investigated the microhardness and electrochemical performance of an AlFeCoNiCrTiV0.5 HEA coating. They found that the temperature of the phase transformation point for AlFeCoNiCrTiV0.5 HEA coating was 900 °C. Wang et al. [20] reported that when the annealing temperature was 900 °C and titanium (Ti) content was 0.5 the AlCoCrFeNiTix HEAs coating exhibits the highest hardness. Recently, Przestacki’s research team [21,22] developed a novel topography analysis and simulation (TAS) program that can be used to analyze the surface roughness and surface texture of machined parts following laser cladding. This program can help researchers to determine the accuracy of surface topography measurements after laser cladding.



The purpose of this study is to explore the effect of annealing temperature on the microstructure and wear resistance of laser cladding CrFeMoNbTiW HEA coating. To do so, we fabricated a CrFeMoNbTiW HEA coating, considered promising due to its high degrees of surface hardness and abrasive resistance. However, the effects of annealing treatment on the microstructure and wear resistance of the CrFeMoNbTiW HEA coating is not fully reported here. The main purpose of the present study was to control the annealing temperature in a laser-clad CrFeMoNbTiW HEA coating and to demonstrate the effects of annealing temperature on its microstructure and wear properties. The CrFeMoNbTiW HEA was prepared on a Q245R steel (American grade: SA515 Gr60) substrate by means of laser cladding deposition.



The significance of this research is that it examines the effects of annealing temperature on the microstructure and the wear resistance of CrFeMoNbTiW HEA coating. The microstructure and wear properties of the CrFeMoNbTiW HEA coating at various annealing temperatures were studied using X-ray diffraction (XRD), a scanning electron microscope (SEM), a Vickers hardness tester and a roller friction wear tester. The results showed that the degree of coarsening of the dendrite arms increased gradually following annealing treatment at 800 °C, 900 °C and 1000 °C for 10 hours. Furthermore, the fabricated CrFeMoNbTiW HEA coating maintained good wear resistance properties after annealing treatment at 800 °C.




2. Materials and Methods


The substrate material used in this work was Q245R steel plates (American grade: SA515 Gr60), which were obtained from Baowu Steel Company (Wuhan, China). The plates were manufactured into rectangular specimens of dimensions 120 mm × 50 mm × 10 mm using a wire-cutting machine. The schematic diagram of specimen sizes is shown in Figure 1. Alloy powders of iron (Fe, 99.9%), molybdenum (Mo, 99.9%), chromium (Cr, 99.5%), titanium (Ti, 99.5%), tungsten (W, 99.9%) and niobium (Nb, 99.9%) were purchased from Höganäs (Shanghai, China) Co. Ltd. All the HEA powders were prepared by means of vacuum atomization with spherical shapes ranging from 50 µm to 120 µm in diameter. The alloy power was mixed uniformly for 3 h in a high-energy planetary ball mill (YXQM-2 L) in the protection of an argon atmosphere and then preheated to 120 °C for 10 h. The multicomponent equiatomic CrFeMoNbTiW HEA coating was fabricated using the laser cladding deposition technique [24]. The mixed alloy powder was preset on the substrate; the dimensions of the mixed alloy powder layer coating were 40 mm × 10 mm × 1.6 mm. Laser cladding deposition was achieved using a YLS-4000-S2T-CL fiber laser system (IPG Photonics Corporation, Oxford, UK) with the operational parameters were set at 4000 W output power, 980 nm wavelength laser radiation, 5 mm × 12 mm rectangular beam, 3.5 mm spot diameter and 180 mm/min scanning speed velocity. The working distance was 10cm and the cladding process was shielded with argon gas. The various specimens were then annealed at 800 °C, 900 °C and 1000 °C for 10 h, respectively. The annealing treatment was conducted using a tube furnace (purchased from Hefei Kejing Materials Technology CO., Ltd.) under the protection of an argon atmosphere.



The crystal structure of the coatings was measured using Bruker D8 Advance X-ray diffraction equipment (Bruker AXS GMBH, Karlsruhe, Germany) with operational parameters set at 30 kV working voltage, 15 mA current, 4°/min scanning rate and 20° to 90° scan range with steps of 0.05°. XRD patterns were determined using an Empyrean PANalytical diffractometer with a diffracted beam graphite monochromator and an X-Celerator linear detector (Cu-Kα radiation, 40 kV). The microstructural characteristics and chemical composition of CrFeMoNbTiW HEA coating were studied using an S-4800 scanning electron microscope (Hitachi, Tokyo, Japan) with energy dispersive spectroscopy (EDS). The CrFeMoNbTiW HEA coatings were cut in the direction of the longitudinal-section surface and their microhardness was measured using an HMV-G21ST Vickers hardness tester (Shimadzu Corporation, Kyoto, Japan). To measure the Vickers microhardness, multiple points at equal intervals were selected between the surface and the substrate for each longitudinal-section surface; the loading time was set to 10 s under a load of 200 gf. To test the wear resistance, an M-2000A roller friction wear tester (YNSJ Test Instrument Co., Ltd., Jinan, China) was used and the surface of the HEA coating was polished on 1000 mesh emery paper. A Si3N4 ceramic ball with a diameter of 5mm was used as a rubbing pair and the operation parameters were set at 180 r/min rotation speed, 20 min duration and 300 N test load. The wear mass loss was tested using a precision balance instrument to weigh the samples before and after the wear tests.




3. Results and Discussion


3.1. Crystal Structure Observation


Figure 2a shows the XRD profiles of the as-deposit and the as-annealed CrFeMoNbTiW HEA coatings treated at different annealing temperatures. It can be seen from Figure 2a that the as-deposit coating was mainly composed of BCC solid solution and FCC structural (Nb, Ti)C carbides, while a small amount of Laves phase was also produced in the as-annealed coatings. In terms of the Valance Electron Concentration (VEC) [25,26], the VEC for CrFeMoNbTiW HEA coating has been calculated as 5.2. According to [25], when the VEC value of an HEA is less than 6.8, a BCC solid solution will be formed in the HEA. The BCC presented the diffraction peaks at approximately 2θ = 41.0°, 62.0° and 78.5°. The BCC solid solution mainly consisted of an iron-based and a chromium-based solid solution, and the carbides were identified as (Nb, Ti)C due to the strong carbide formation ability of the elements Nb and Ti. In the laser cladding process, the Nb and Ti formed (Nb, Ti)C carbides with C atoms contained in the substrate [26]. After annealing, the BCC solid solution and the FCC structural (Nb, Ti)C carbides remained almost unchanged, while only a small amount of Laves phase was observed. As the annealing temperature increased, a marked effect on the evolution of the crystal structure of the coating was observed with regard to the appearance of reflection peaks corresponding the Laves precipitated phase. Due to the annealing, a small amount of Laves phase was produced because solute atoms with strong vitalities in high-entropy alloy can easily diffuse to form intermetallic compounds. It has been noted that atomic thermal activation energy can be enhanced by increasing the temperature [11]. Thus, as the annealing temperature is increased, metal atoms such as Fe, Ti and Nb form intermetallic compounds much more easily.



An enlarged view of the diffraction peak of the BCC (110) for all coatings is shown in Figure 2b. From this we can see that, due to a decrease in the lattice distortion effect, increases in annealing temperature caused all the peaks of the BCC reflection in the as-annealed coatings to shift slightly rightwards compared to that of the as-deposit coating, indicating a decrease in the lattice parameter of the BCC [11]. Table 1 shows the BCC lattice constant in CrFeMoNbTiW HEA coating specimens annealed at room temperature (25 °C) and at high temperatures of 800 °C, 900 °C and 1000 °C for 10 h. It can be seen that higher annealing temperatures cause the lattice to shrink more, resulting in a reduced lattice constant. According to the Bragg’s law [27], it was expected that the presence of locally varying lattice distortions within the BCC solid solution would correspond to the different lattice constants. As a result of the restriction of the movement of the BCC solid solution and the enhancement of the Laves phase in the multi-element alloys, the lattice parameters and BCC solid solution strain decreased slightly [27]. Thus, the peaks associated with the BCC reflection in Figure 2b were consistent with the fact that a high-temperature diffusion of solute atoms produces intermetallic compounds, reducing lattice expansion.




3.2. Microstructures


The cross-section morphologies of the as-deposit and the as-annealed coatings are shown in Figure 3. The chemical composition of coatings was measured by means of micro-area EDS analysis; the results are shown in Table 2. According to Figure 3, all coatings exhibited interdendritic and dendritic crystal structures, corresponding to the gray and white regions (marked as ID and DR), respectively. The formation of interdendritic and dendritic morphology is typical in HEA coatings [28]. Figure 3a presents the microstructure of the as-deposit coating and Figure 3b–d presents that of the as-annealed coatings at the temperatures of 800 °C, 900 °C and 1000 °C, respectively. As can be seen in Figure 3a, the microstructure of the as-deposit coating exhibited an interdendritic and a needlelike dendritic crystal structure. After annealing, the micromorphology of the dendritic crystals, as shown in Figure 3b–d, changed from needlelike to rod-like and bulk dendritic crystal structures.



As the annealing temperature increased, the as-annealed CrFeMoNbTiW HEA coatings retained their dendrite and interdendrite microstructures, while the degree of coarsening of the dendrite arms gradually increased with the annealing temperature. Furthermore, a small amount of Laves phase was precipitated after annealing at 800 °C, as shown in Figure 3b. According to Figure 3c,d, the cross-section morphologies of the as-annealed CrFeMoNbTiW HEA coating became discontinuous and the dendrites transformed into coarse equiaxial dendritic grains when the temperature was increased to 900 °C. When the heating temperature reached 1000 °C, the dendrite structures were observably coarsened and coarse dark precipitated phases were distributed in the interdendritic region. The relative volume of Laves phases increased gradually with annealing temperature.



Table 2 shows the EDS results of different regions of the coating before and after annealing. Each value is an average of five locations; the detailed measurements are shown in Table S1 in the Supplementary Materials. Table 2 indicates the segregation of the elements within the CrFeMoNbTiW HEA coating during the laser cladding. Fe was enriched in DR region and C was found in ID region due to the strong tendency of Nb and Ti to form carbides. In the as-deposit coating, the main elements were Fe, Ti and Nb, which combined formed almost 65% of the content. After annealing, the degree of segregation of Fe increased with the annealing temperature and the Ti and Nb content was enriched in ID regions. Most of the other elements were relatively uniformly distributed in all coatings compared to the nominal composition of each element in the coating. Furthermore, the Fe content was much higher than that of other elements and C appeared in the ID area. This is because a certain volume of the substrate melted during the laser-cladding process and mixed with the HEA coating [26]. The working temperature of the laser spot reaches 3500 °C, which is far beyond the melting point of the Q245R substrate (c. 1371–1538 °C), thus it is common for the substate to melt when using the laser cladding technique [29]. Although the mole ratio of the element was not equal, the BCC solid solution phase mainly formed after laser coating and remained steady after annealing. The formation of a BCC solid solution has been analyzed theoretically. The largest atomic radius difference among Fe, Mo, Cr, Ti, Nb and W elements can be calculated using the following formula [30]:





  Δ  R  m a x   = max  (   R i  −  R a   )  /  R a   



(1)




where Ra represents the average atomic radius and Ri the atomic radius of any element. According to the Gibbs free energy formula [31]:


  Δ  G  m i n   = Δ  H  m i x   − T Δ  S  m i x    



(2)




where ΔGmix, ΔHmix, ΔSmix, and T represent the change in Gibbs free energy before and after phase change, the mixing enthalpy, the mixing entropy and the absolute temperature, respectively. The mixing entropy ΔSmix can be calculated using the following formula:


  Δ  S  m i x   = − R   ∑  i = 1  n    C i  l n  C i   



(3)




where R is the molar gas constant (8.31 J· K·1· mol−1) and Ci is the molar fraction of each element [31]. The ∆Smix of the DR and ID areas before and after annealing were calculated and are listed in Table 2. The values of ∆Smix varied from 1.68 R to 1.74 R. All the values are larger than 1.61 R, indicating that the alloy system can be classified as a high-entropy alloy.



According to Formula (2), a high ΔSmix can significantly lower the free energy of a solid solution with multiple principal elements, thus lowering the tendency towards order and segregation. Consequently, solid solutions can form more easily and are more stable than intermetallic or other ordered phases produced during the solidification of alloys [32]. This suggests that solid solution phases are more easily formed when the mixing entropy is higher. Due to the effects of high mixing entropy and the high driving force of nucleation with a low VEC value, it was easier for a BCC solid solution to form in the CrFeMoNbTiW HEA coating than a complicated structural alloy. According to the Hume-Rothery rules [33], the Laves phase can formed more easily at higher temperatures because elements such as W and Ti can form similar BCC structures with different atomic radii. Thus, the proportion of Laves phase by volume in CrFeMoNbTiW HEA coating increased with annealing temperature.




3.3. Micro-Hardness and Wear Properties


The Vickers microhardness of the as-deposit and the as-annealed CrFeMoNbTiW HEA coatings were tested at a series of points 0.2 mm apart between the substrate and the cladding layer, along the longitudinal section surface. Figure 4 shows the microhardness distribution along the cross-section of the CrFeMoNbTiW HEA coatings, ranging from surface to substrate for the various samples.



The average microhardness value of the as-deposit CrFeMoNbTiW HEA coating was approximately 682 HV0.2. As shown in Figure 4, the microhardness of the coatings were much higher than that of the Q245R substrate, with the maximum hardness value reaching 1176 HV0.2 for the coating annealed at 1000 °C, an increase of ~72.5% in comparison with that of the as-deposit coating. It can be seen from Figure 4 that no obvious change was observed in microhardness as the cladding depth increased. However, it was observed that microhardness increased with the annealing temperature. This phenomenon can be attributed to three main factors. First, the various quantities of certain elements—particularly the larger atoms, Mo, W, Ti and Nb—in the alloy used to make the HEA coating result in severe lattice distortion effects, thus strengthening the BCC solid solution. Second, the (Nb,Ti)C carbides and Laves phases observed in the HEA coating strengthen the precipitation and prevent slippage. The final factor is lattice shrinkage, as indicated by the coarsening of the dendrite arms, which, as can be seen from the fact that the diffraction peak of BCC (110) shifted slightly to the right, increased gradually after annealing. This means that the BCC solid solution experienced a higher strengthening effect post-annealing, resulting in the coating’s increased microhardness.



Figure 5 shows the wear morphologies of the laser-clad CrFeMoNbTiW HEA coatings produced at different annealing temperatures. It can be seen from Figure 5a that both furrowing and spalling could be observed on the surface of as-deposit HEA coating. Figure 5b–d show that after annealing the surface of coating exhibited shallow furrows and slight peeling. The wear width in the as-annealed specimen was almost half the size of that of the as-deposit specimen. At the same time, the wear scars of the as-annealed specimens were relatively smooth and shiny, which indicates that the refined decomposition microstructure formed a compact protective film on the surface of the HEA coating. Meanwhile, Figure 5a,b show that flake-off was observed in the form of blocks and many deep holes were formed on the wear surfaces. With the increase in annealing temperature, the surface morphologies, as shown in Figure 5c,d, displayed regular and shallow scratches, which could cause mild abrasive wear [34]. This indicates that the wear resistance of HEA coatings can be enhanced by increasing the annealing temperature.



Figure 6 presents the wear loss of the laser-clad CrFeMoNbTiW HEA coatings with different annealing temperatures. The least mass loss of the as-annealed specimens is 2.5 mg, a decrease of 59.7% compared with that of the as-deposit specimen. Moreover, it was found that the mass loss of the as-annealed specimen decreased with increasing annealing temperature. This phenomenon may be closely related to the solid solution strengthening of the BCC solid solution and precipitation strengthening of the Laves phases. Moreover, the small-sized (Nb,Ti)C carbides possibly played a key role in the reinforcement of wear resistance. According to the Archard’s law [35], wear resistance should be positively correlated with hardness. The relationship between wear resistance and hardness of the HEA coatings observed in the present work is congruent with Archard’s law, with mass measurements revealing that the wear resistance of the materials was proportional to their hardness.





4. Conclusions


The CrFeMoNbTiW HEA coatings were prepared using laser cladding, and the effects of annealing temperature on their microstructure and wear resistance were studied. The post-depost, pre-annealed HEA coating mainly consisted of a BCC solid solution and FCC structural (Nb,Ti)C carbides; it exhibited interdendritic and needlelike dendritic crystal structures and had an average microhardness of 682 HV0.2. Three further samples were annealed at 800 °C, 900 °C and 1000 °C for 10 h, and it was observed that the degree of coarsening degree in the dendrite arms increased gradually and a small amount of Laves phase was formed. Meanwhile, the morphology of the dendritic crystal changed from a needlelike dendritic crystal structure to rod-like and bulk dendritic crystal structures with increased annealing temperature. The Fe and C content in the coating increased significantly after laser cladding, these elements having been introduced as a result of the melting of the Q245R substrate due to the heat of the laser. The hardness of the as-annealed reached a maximum value of 1176 HV0.2, an increase of approximately 72.5% compared to that of the as-deposit coating. The wear resistance results showed that the coating retains good wear resistance after annealing at 800 °C and that the wear resistance was proportional to the annealing temperature in a range from 800 °C to 1000 °C. These results suggested that the annealed CrFeMoNbTiW HEA coatings fabricated for this study show great potential for enhancing the wear resistance of Q245R steel.
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Figure 1. Schematic diagram of specimen sizes (mm). 
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Figure 2. X-ray diffraction patterns of as-deposit and as-annealed CrFeMoNbTiW HEA coatings at different annealing temperatures. (a) 2θ from 20° to 90°, (b) 2θ from 40° to 42°. 
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Figure 3. SEM images of the microstructures of the laser-clad CrFeMoNbTiW HEA coatings: (a) as-deposit, (b) annealing at 800 °C, (c) annealing at 900 °C and (d) annealing at 1000 °C. 
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Figure 4. Microhardness profile along the cross-section of the CrFeMoNbTiW HEA coatings with different annealing temperatures. 
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Figure 5. Wear morphologies of the laser-clad CrFeMoNbTiW HEA coatings: (a) as-deposit, (b) annealed at 800 °C, (c) annealed at 900 °C and (d) annealed at 1000 °C. 
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Figure 6. Wear loss of the laser-clad CrFeMoNbTiW HEA coatings with different annealing temperatures. 
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Table 1. The lattice constant of BCC in CrFeMoNbTiW HEA coating annealed at different temperature for 10 h.
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	Annealing Temperature
	25 °C
	800 °C
	900 °C
	1000 °C



	Lattice Constant (pm)
	289.36
	288.24
	287.85
	287.32
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Table 2. The micro-area EDS results of CrFeMoNbTiW HEA coatings annealed at various temperatures (%).
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Annealing Temperature

	
Region

	
Fe

	
Mo

	
Cr

	
Ti

	
W

	
Nb

	
C

	
∆Smix






	
As-deposit

	
DR

	
35.85

	
10.69

	
11.86

	
14.22

	
11.76

	
15.62

	

	
1.68R




	
ID

	
24.59

	
11.21

	
13.61

	
16.34

	
13.71

	
17.82

	
2.72

	
1.74R




	
Annealed at 800 °C

	
DR

	
34.69

	
10.05

	
11.17

	
15.61

	
11.83

	
16.65

	

	
1.68R




	
ID

	
25.68

	
11.62

	
14.12

	
17.49

	
10.09

	
18.09

	
2.91

	
1.72R




	
Annealed at 900 °C

	
DR

	
31.21

	
10.56

	
12.73

	
15.65

	
12.72

	
17.13

	

	
1.72R




	
ID

	
21.58

	
11.02

	
14.34

	
16.36

	
13.18

	
19.21

	
4.31

	
1.73R




	
Annealed at 1000 °C

	
DR

	
30.06

	
11.61

	
12.85

	
15.86

	
12.16

	
17.51

	

	
1.73R




	
ID

	
22.11

	
12.21

	
13.31

	
17.22

	
13.03

	
18.96

	
3.16

	
1.74R
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