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Abstract:



High-entropy alloys (HEAs) have gained extensive attention due to their excellent properties and the related scientific value in the last decade. In this work, AlxCoCrFeNiTi0.5 HEA coatings (x: molar ratio, x = 1.0, 1.5, 2.0, and 2.5) were fabricated on Q345 steel substrate by laser-cladding process to develop a practical protection technology for fluid machines. The effect of Al content on their phase evolution, microstructure, and slurry erosion performance of the HEA coatings was studied. The AlxCoCrFeNiTi0.5 HEA coatings are composed of simple face-centered cubic (FCC), body-centered cubic (BCC) and their mixture phase. Slurry erosion tests were conducted on the HEA coatings with a constant velocity of 10.08 m/s and 16–40 meshs and particles at impingement angles of 15, 30, 45, 60 and 90 degrees. The effect of three parameters, namely impingement angle, sand concentration and erosion time, on the slurry erosion behavior of AlxCoCrFeNiTi0.5 HEA coatings was investigated. Experimental results show AlCoCrFeNiTi0.5 HEA coating follows a ductile erosion mode and a mixed mode (neither ductile nor brittle) for Al1.5CoCrFeNiTi0.5 HEA coating, while Al2.0CoCrFeNiTi0.5 and Al2.5CoCrFeNiTi0.5 HEA coatings mainly exhibit brittle erosion mode. AlCoCrFeNiTi0.5 HEA coating has good erosion resistance at all investigated impingement angles due to its high hardness, good plasticity, and low stacking fault energy (SFE).
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1. Introduction


Slurry erosion (SE) is a serious concern for hydraulic turbines and other fluid machines due to silt entrained in water flow, especially in the Yellow River regions of China. Slurry erosion results in the surface degradation of flow components of hydroturbine equipment and reduces all efficiency [1,2]. Hydraulic turbine equipment generally made of mild steel, white cast iron or stainless steel. However, these materials are considerably less resistant to erosive wear. It is important to develop new erosion-resistant materials. Recently, high-entropy alloys (HEAs) have attracted extensive attention due to their versatile combinations including high strength and hardness, good thermal stability, excellent corrosion and wear resistance [3,4,5,6]. These characteristics make them suitable candidates for structural and functional materials. The main method of preparing high-entropy alloys is vacuum arc melting and then casting [7,8]. As the formation of simple solid solution phase requires high cooling rate, the shape and size of bulk ingots prepared by arc-melting technique are limited. Meanwhile, this preparation method causes high production cost due to many expensive metals such as Ni, Co, and Cr being contained in HEAs. Therefore, some researchers have been turning to explore the effective and economical HEA coating on the low-cost metallic substrate.



Compared to the other processing techniques such as magnetron sputtering, electrochemical deposition, and plasma arc cladding, laser cladding can be used to deposit coatings with thickness more than 1 mm, which is more beneficial for engineering applications. In addition, the coatings can be deposited in a few steps, which eliminates the influence of the substrate and allows gradual composition and property changes through the coating thickness [9]. These favorable advantages have made the laser-cladding alloy attractive among surface modification technologies. Huang et al. [10] prepared TiVCrAlSi HEA coatings on Ti-6Al-4V substrate by laser cladding and investigated the dry sliding wear behavior. The combination of the hard (Ti,V)5Si3 phase and relatively ductile and tough BCC matrix improved the sliding wear resistance. Yue et al. [11] studied the solidification behavior in laser cladding of AlCoCrCuFeNi high-entropy alloy on magnesium substrates using the Kurz-Giovanola-Trivedi and the Gaümann models. Except for some Cu rejected into the Mg melt, no serious dilution of the HEA composition occurred in the top layer of the coating. This is considered to be important because any dilution of the HEA composition with Mg would likely decrease the corrosion resistance of the HEA. Kunce et al. [12] produced the AlCoCrFeNi high-entropy thin-walled samples using the laser engineered net shaping (LENS) technology. The effect of the cooling rate during solidification on the microstructure of the alloy was studied through different laser-scanning rates. It was found that with an increasing in the laser-scanning rate during the solidification process, the average grain size of the alloy decreased. Vickers microhardness increases with the decrease of the average grain size. AlCoCrFeNiTi alloy system has been investigated in bulk state. Zhou et al. [13] studied the microstructure and strengthening mechanism of theAlCoCrFeNiTi0.5 alloy. For AlCoCrFeNiTi0.5 alloy, its super-high strength and good plasticity were attributed to its microstructure of intrinsic strong body-centered cubic solid solution, and effective multiple strengthening mechanisms such as solid solution strengthening, precipitation strengthening, and nano-composite strengthening effects, etc. Jiao et al. [14] studied the superior mechanical properties of AlCoCrFeNiTix High-Entropy Alloys upon dynamic loading. They found that the ultimate strength and fracture strain of AlCoCrFeNiTix alloys are superior to most of bulk metallic glasses and in situ metallic glass matrix composites. However, the slurry erosion properties of AlxCoCrFeNiTi0.5HEA coatings have been rarely studied. In this article, AlxCoCrFeNiTi0.5 HEA coatings with different Al content were fabricated by laser cladding. The effects of Al addition on the microstructure and slurry erosion wear behavior were investigated. It is necessary for practical industrial applications.




2. Experimental Procedure


2.1. Material


As-received Q345 steel plate with dimensions of 25 × 40 × 10 mm3 was used as the substrate material. The substrate was sandblasted to remove surface contaminants and increased the absorption of laser energy. The AlxCoCrFeNiTi0.5 HEA coatings(x: molar ratio, denoted as Al1.0, Al1.5, Al2.0 and Al2.5 alloy, respectively) were prepared in this study by laser cladding. The HEA powder used in the experiment had a high purity (more than 99.5%) with a mesh size of 200–300. The mixed powders with the aid of a high-energy ball milling equipment were pre-placed on the steel specimens with a thickness of approximate 300–400 μm using PVA (Shanghai Zengye Industrial Co., Ltd., Shanghai, China) as a binder. The samples were dried in a vacuum oven (Nanjing Huanke Testing Equipment Co., Ltd., Nanjing, China) at 100 °C for 1h prior to laser cladding. Laser cladding was carried out using an EFW-300 type YAG pulsed laser (Guangda Laser Technology Co., Ltd., Shenzhen, China), which was equipped with a four-axis numerical control working table. With a series of optimization trial runs, the optimized process parameters were obtained: laser power 2.5 kW, laser beam spot diameter 1.2 mm, scanning velocity 1.5 mm·s−1, pulse frequency 20 Hz, pulse width 2.5 ms. High-purity argon gas at a flow rate 5 L·min−1 was used as ash ielding gas to prevent oxidation during the cladding experiment. A 50% overlap condition for multi-tracking was employed. Three layers high-entropy alloys were deposited under the same processing parameter.



After laser cladding, metallographic and erosion samples with dimensions of 10 × 10 × 10 mm3 were cut by electrical sparkle machining. All samples were ground and polished using abrasive papers down to 1200 grit size to obtain a smooth surface. Samples of microstructural observation were etched with alcohol dilute aqua regia. The top surface microstructure was investigated by scanning electron microscopy (SEM, JSM-6360, JEOL Ltd., Tokyo, Japan). The phase composition of HEA coatings was identified by X-ray diffraction (XRD) with a D/max-2550 diffractometer (Rigaku Corporation, Tokyo, Japan) using Cu Ka radiation. The top surface and cross-section morphology of the HEA coatings was examined by SEM. The microhardness of the polished surface of the HEA coatings was performed by a Vickers hardness tester (HXD-1000TC, Shanghai Optical Instrument Factory, Shanghai, China) at a load of 200 g and 15 s loading time. The average of five points was reported for each sample.




2.2. Slurry Erosion Test


Slurry erosion test was performed using man-made jet type rig shown in Figure 1. The test rig provides the flexibility to regulate experiment parameters such as impingement angle, sand concentration, working media and impact velocity. The velocity of the slurry jet is controlled by changing the frequency of the motor converter used for driving the pump. The sand concentration is adjusted by changing the rotation speed of driving motor. The test parameters used for the slurry erosion experiment are shown in Table 1. Irregular sand particles in the size range of 16–40 mesh were used for slurry erosion studies. Slurry with a concentration of 10 kg/m3 and 30 kg/m3 was prepared using sand obtained from the Yangtze River Delta. The main composition of river sand is SiO2. Each sample was tested for 30 min with a cycle time of 5 min. In this study, the distance is 6 cm between the tested specimen and the ejector nozzle. The erosion samples were cleaned thoroughly with industrial acetone solution to remove contaminants and dried. A precision balance to an accuracy level of 0.1 mg was used to measure the mass loss before and after the test at regular intervals. The erosive wear rate is calculated based on the cumulative mass loss of sample with time, i.e., mg·min−1. The eroded surface characterization was examined by SEM. For comparison, 00Cr16Ni5Mo alloy (denoted as Cr16 alloy), widely used to fabricate various hydraulic turbine components, was tested under the same erosion condition.


Figure 1. Schematic view of the slurry erosion test rig.
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Table 1. Parameters employed for slurry erosion testing.







	
Parameters (Unit)

	
Quantitative Value






	
Impinged angle (°)

	
15, 30, 45, 60, 90




	
Impinged velocity (m/s)

	
10.08




	
Impinged medium

	
Tap water mixed with fresh river sand




	
Nozzle diameter (mm)

	
8




	
Erosion time (min)

	
30












3. Results


3.1. Microstructure and XRD Analysis


The laser-cladding process parameters have great influence on the quality, microstructure, and properties of the HEA coatings. With the aforementioned optimized parameter, AlCoCrFeNiTi0.5 HEA coating with few pores could be formed on Q345 substrate as is shown in Figure 2a. It is obvious from Figure 2a that the HEA coating exhibits a typical fish scale lap structure. Figure 2b shows the cross-section SEM image of AlCoCrFeNiTi0.5 single-track coating. The bonding line shows a curved shape, rather than a straight line, indicating a good metallurgical bond between the cladding layer and the substrate, which is favorable for the mechanical performance of the coating.


Figure 2. Micro-morphologies of the AlCoCrFeNiTi0.5 HEA (High-entropy alloy) coating for (a) surface and (b) cross-section single-track coating.
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The XRD patterns of AlxCoCrFeNiTi0.5 HEA coatings with different Al content are shown in Figure 3. As can be seen, the AlxCoCrFeNiTi0.5 HEA coatings exhibit only simple solid solution structure, specifically face-centered cubic (FCC), body-centered cubic (BCC) and their mixture due to the effect of high mixing entropy [15]. A mixture of FCC + BCC crystal structure is observed in Al1.0HEA alloy. The relative intensity of (110)B peak increases and FCC peak disappears in Al1.5HEA alloy. The reflection shift can be partially attributed to the difference of local topologies between FCC and BCC structures [16]. Al has a larger metallic radius, compared with several transition cluster elements such as Co, Cr, Fe, Ni. The increase in the lattice constant with increasing the Al content indicates a corresponding larger lattice-strain effect. To relax the lattice distortion, the metastable FCC phase prefers to transform to a relatively stabilized BCC structure as the Al content in the alloy is increased. Only two BCC phases can be detected in the XRD pattern of the Al2.0 and Al2.5 HEA alloys. Compared with the XRD pattern of the Al1.5 HEA alloy, a minor order BCC peak appears in the Al2.0 and Al2.5 HEA alloys. The order BCC phase in AlxCoCrFeNiTi0.5 alloy system has been confirmed as NiAl-based intermetallic (IM) phase [17]. The XRD results show that Al addition exhibits a remarkable influence on the phase composition of the AlxCoCrFeNiTi0.5 HEA alloy.


Figure 3. X-ray diffraction patterns of AlxCoCrFeNiTi0.5 HEA coatings.
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Figure 4 shows Vickers hardness as a function of Al content. The hardness of the AlxCoCrFeNiTi0.5 HEA coatings exhibited a strong correlation with their aluminum content and phase structure. This suggests that the formation of a BCC type structure is a dominant factor of hardening, and the increase of the relative amount of BCC phase leads to a large increase in hardness. The larger atomic radius, the transformation of the crystal structure and dispersion of nanocrystallite could be responsible for the increased hardness of the alloys [18]. The microhardness of the HEA coatings in this work can reach 667.3 to 801.1 HV, which is at least 1.8 times that of 00Cr16Ni5Mo alloy (370.5 HV).


Figure 4. Vickers hardness of AlxCoCrFeNiTi0.5 HEA coatings with different aluminum contents.
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Figure 5 presents the SEM images of the AlxCoCrFeNiTi0.5HEA top surface layers. The typical microstructure consists of dendritic (DR) and interdendritic (ID) as a result of faster nucleation and solidification. With the addition of Al content, the solidification structure varies from columnar dendrite to non-equiaxed dendrite grain, and finally to equiaxed dendrite grain. The Al1.0 alloy shows the morphology of columnar dendrite and minor non-equiaxed dendrite. When Al content reaches x = 1.5, the columnar phase dissolves and single non-equiaxed dendrite appears, which is consistent with the XRD result. The Al2.0 and Al2.5HEA alloys exhibit the same equiaxed dendrite structure. The morphology features indicate the Al2.0 and Al2.5HEA alloys should have similar phase composition and solidification behavior.


Figure 5. SEM (scanning electron microscopy) images of the as-laser cladding AlxCoCrFeNiTi0.5 HEA coatings: (a) Al1.0; (b) Al1.5; (c) Al2.0; and (d) Al2.5.
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3.2. Results of Slurry Erosion Tests


Figure 6 displays the erosion rate of AlxCoCrFeNiTi0.5 HEA coatings and Cr16 alloy as a function of impingement angle after erosion for 30 min. The Al1.0 HEA coating and Cr16 alloy showed the maximum erosion rate at 45°, then the erosion rate decreasing gradually with the impingement angle, which is consistent with the theory of the ductile mode of erosion behavior [19,20]. The erosion rate of the Al1.5 HEA coating approached a maximum at 60° and then decreased at 90°. It showed a mixture mode of erosion behavior. In case of the Al2.0 and Al2.5 HEA coatings, the erosion rate increased monotonically with the impingement angle and arrived at its maximum value at 90° impingement angle, which exhibits the brittle mode of erosion behavior [21]. It is evident from Figure 6 that the Al1.0 HEA coating showed smaller erosion rate in comparison with Cr16 alloy at all the investigated impingement angles. The erosion rate of Al1.0 HEA coating is 1.78 times lower than Cr16 alloy at 45° impingement angle and 1.68 times lower at 90° impingement angle. The reason behind the high erosion resistances of the Al1.0 HEA coating at low impingement angles (from 15° to 45°) is thought to be its higher hardness compared to theCr16 alloy. In slurry erosion wear, the effect of slurry scouring makes the deformation lips or convex bodies easy to be washed away, which results in the more important role of the hardness of target material at a low angle of impingement. At normal impingement angle (90°), the Al1.0 and Al1.5 HEA coatings still showed significantly lower erosion rate than Cr16 alloy. However, the erosion rate for the Al2.0 and Al2.5 HEA coatings was similar to theCr16 alloy. Closed to normal impingement, ductility and toughness play a more dominant role [22]. Al1.0 HEA alloy, whose yield stress, fracture strength, and plastic strain are as high as 2.26 GPa, 3.14 GPa, and 23.3%, respectively, has the super comprehensive mechanical properties even superior to most of the high-strength alloys such as bulk metallic glasses [23]. It would result in less erosion rate at normal impingement angle. The second possible reason is that Al1.0 and Al1.5 HEA alloys have lower stacking fault energy (SFE) compared to theCr16 alloy. A decrease of SFE results in an increase of work hardening capability of the material, thereby lowering the material removal rate [24]. Using a combination of discrete Fourier transform (DFT) calculation and XRD analysis, Zaddach et al. [25] reported the SFE of the equiatomic NiFeCoCr alloy to be approximate 20 mJ/m2, whereas SFE is of the order of 70–80 mJ/m2 for Cr16 stainless steel [26]. With the Al content increasing, the AlxCoCrFeNiTi0.5HEA coatings showed a transition from the ductile erosion mode to the brittle erosion mode. Limited plasticity likely affects the erosion wear resistance, so the Al2.0 and Al2.5 HEA coatings with higher hardness as well as bigger brittleness can reduce the erosion wear resistance at normal impingement.


Figure 6. Variation in erosion rate of AlxCoCrFeNiTi0.5 HEA coatings and Cr16 alloy with impact angle at a velocity of 10.08 m/s.
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The slurry erosion behavior of AlxCoCrFeNiTi0.5 HEA coatings and Cr16 alloy with sand concentration at 45° and 90° impingement angle is presented in Figure 7. It can be observed that the erosion rates of the test material increased nonlinearly with the increase in the sand concentration, although the percent of the increase is not same for different alloys. Higher sand concentration allows a larger number of sand particles to impact on the surface of the wear specimen, which leads to increase the erosion rate of the material. It is also clear that although sand concentration was increased to 3 times, the erosion rate did not show a similar response. This could be explained by the fact that the shield effect caused by the collisions between the incoming and rebounding particles [27]. Only a portion of particles actually impacts on the target surface while the others lose their way to target surface owing to the interaction between the incoming and rebounding particles. These findings are studied in detail by many researchers [28,29,30]. For pot-and centrifugal-type impingement experimental rigs, the correlation between erosion rates and sand concentration is highly nonlinear in nature. Some of the investigators have observed the adverse effect of concentration on erosion rate [31,32]. Moreover, as the impingement angle was higher (α = 90°), the shield zone was higher, and therefore the percent increase of erosion rate for the same material at 45° impingement angle is higher than that at 90° impingement angle.


Figure 7. Variation in erosion rate of AlxCoCrFeNiTi0.5 HEA coatings and Cr16 alloy with sand concentration at a velocity of 10.08 m/s and impingement angle of (a) 45° and (b) 90°.
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The slurry erosion behavior of AlxCoCrFeNiTi0.5 HEA coatings and Cr16 alloy with time is shown in Figure 8. The results clearly indicate that the erosion rate of specimens was relatively high during the early cycles with some exceptions, and attained a steady state after 15th or 20th min of testing. Comparison with solid particle erosion, slurry erosion has not obvious incubation period. Similar trends were reported by other researchers [2,33]. The relatively stable erosion rate shows erosion time has no effect on the wear mechanism noticeably during the impingement process. The high erosion rate in the initial stage may be attributed to the initial rough surface of the specimens. The existence of micro-peaks and valleys on the surface of the specimens might have resulted in higher material removal rate during the initial period [34]. The second reason may be work hardening owing to the ductility of sample surface subjected to the repeated impact of sand particles, which results in less material removal and thus reduces the erosion rate.


Figure 8. Variation in erosion rate of AlxCoCrFeNiTi0.5 HEA coatings and Cr16 alloy with erosion time at a velocity of 10.08 m/s and impingement angle of (a) 45° and (b) 90°.
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3.3. Observation of Eroded Surfaces


The SEM images showing the eroded surfaces of AlxCoCrFeNiTi0.5 HEA coatings are given in Figure 9 and Figure 10. Detailed examination of the images indicates that microcuting and mixed cutting and ploughing by irregularly shaped erodent particles are responsible for the material removal at 45° impingement angle. Grewal et al. [35] have proposed that with the impact of irregular particles, the primary mode of material removal was a mixture of cutting and ploughing at low impingement angle. Microcutting and mixed cutting-ploughing marks can be seen in Figure 9. At low impingement angle, the normal component of the impact force is too small compared to the tangential one. Material’s hardness is a predominant role against these deformation mechanisms. Compared to the hardness of sand particle, which is about 1100 HV, the highest hardness of AlxCoCrFeNiTi0.5 HEA coatings is only 801.3 HV.


Figure 9. The eroded surface SEM micrographs of AlxCoCrFeNiTi0.5 HEA coatings after 30-min slurry erosion: (a) Al1.0; (b) Al1.5; (c) Al2.0; and (d) Al2.5 at 10.08 m/s, 1.0 wt. % sand concentration and 45° impingement angle.
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Figure 10. The eroded surface SEM micrographs of AlxCoCrFeNiTi0.5 HEA coatings after 30-min slurry erosion: (a) Al1.0; (b) Al1.5; (c) Al2.0; and (d) Al2.5 at 10.08 m/s, 1.0 wt. % sand concentration and 90° impingement angle.
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Figure 10a,b show the SEM images of eroded surfaces of Al1.0 and Al1.5HEA coatings. It can be observed that the eroded surfaces showed the presence of many deformed platelets and indentions. The formation of platelets was mainly through indention of impact sand particles. The material extruded from the craters tends to flow outward and accumulates around the periphery in form of platelets, which are removed by a number of subsequent normal impacts of the sand particles. The highly deformed surface of Al1.0 and Al1.5HEA coatings at 90° impingement indicates significant strain hardening. The major erosion mechanism for Al1.0 and Al1.5 HEA coatings is the formation and removal of material in the form of platelets at normal impingement angle. Figure 10c,d show the SEM micrographs of the eroded surface of Al2.0 and Al2.5 HEA coatings at 90° impingement angle. The presence of flattened lips indicates the limited ductility of coatings. Some cracks were also observed, which indicates that the coatings also were removed by brittle fracture. For brittle materials, the energy transfers as a result repeated particle impact results in a fatigue process at or close to normal incidence [36]. Due to high hardness and limited ductility, Al2.0 and Al2.5HEA coatings were undergone a rapid embrittlement during the continuous impact of erodent particles and fractured easily. In the case, erosion of Al2.0 and Al2.5 HEA coatings at 90° impingement is carried out by repetitive plastic deformation and brittle fracture. These observations of eroded surfaces appear to be back up the trend in erosion rates as discussed in Figure 6.





4. Conclusions


The phase composition and microstructure of as-laser cladding AlxCoCrFeNiTi0.5 HEA coatings have been studied. The effect of impingement angle, sand concentration and erosion time on the erosion behavior and mechanism of AlxCoCrFeNiTi0.5 HEA coatings were investigated by slurry erosion test. The following conclusions could be made.



	(1)

	
AlxCoCrFeNiTi0.5 HEA coatings with few pores and the good metallurgical combination could be fabricated on Q345 substrate by laser cladding with the optimized processing parameters.




	(2)

	
The crystal structures of AlxCoCrFeNiTi0.5 HEA coatings evolve from FCC plus BCC mixture phases for x = 1.0 to single BCC phase for x = 1.5, and then to BCC and IM mixture phases for x = 2.0 and 2.5. The microhardness of AlxCoCrFeNiTi0.5 HEA coatings increased obviously with the addition of Al element content. The Al2.5 HEA coating has the highest hardness of 801.1 HV.




	(3)

	
AlCoCrFeNiTi0.5 HEA coating exhibits the ductile erosion mode under slurry erosion, a mixed erosion mode (neither ductile nor brittle) for Al1.5CoCrFeNiTi0.5HEA coating, whereas the Al2.0CoCrFeNiTi0.5 and Al2.5CoCrFeNiTi0.5HEA coatings exhibit the brittle erosion mode. AlCoCrFeNiTi0.5 HEA coating showed good slurry erosion resistance at all the investigated impingement angles due to its high hardness, good plasticity, and low stacking fault energy. The erosion rate of Al1.0 HEA coating is 1.78 times lower than Cr16 alloy at 45° impingement angle and 1.68 times lower at 90° impingement angle. The erosion rates of the test materials increase nonlinearly with the increase in the sand concentration at 45° and 90° impingement angles. The erosion time has no effect on the wear mechanism noticeably.




	(4)

	
SEM observation confirms the dominant erosion mechanism for all HEA coatings was microcuting and mixed cutting and ploughing at low impingement angle. Platelets were observed to be the primary erosion mechanism for Al1.0 and Al1.5 HEA coatings at normal impingement angle, compared to repetitive plastic deformation and fatigue fracture being the prevailing material removal phenomenon for Al2.0 and Al2.5 HEA coatings.
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