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Abstract

:

A TC4 composite coating reinforced by SiC ceramic phase and MoS2 self-lubricating phase was prepared on a muzzle brake by laser cladding to improve its wear resistance properties. In this study, we investigated the microstructure and wear behavior of the composite coating. The results show that the composite coating consisted of equiaxed grains with grain sizes ranging from 102.39 to 255.31 μm on the surface and columnar grains on the bottom. The grains with mesh basket microstructure were mainly with α-Ti and β-Ti phases. When wearing against H70 brass, the main wear mechanism of the composite coating at room temperature was adhesive wear, while the wear mechanism was dominated by adhesive wear, oxidation wear, and slight abrasive wear at high temperature. Compared with TC4 coating without SiC and MoS2, the wear rate of the composite coating was reduced by 15%–35% when the temperature was below 400 °C, and the wear rate was reduced by about 55% at 600 °C, resulting from the addition of SiC. Moreover, the friction coefficient of the composite coating was about 10%, which was 30% lower than that of the substrate and TC4 coating when the temperature was below 400 °C and at 600 °C due to the forming of the dense oxide film and the MoS2 friction transfer film on the friction contact surface of the titanium-based composite coating.






Keywords:


laser cladding; titanium alloy; composite coating; wear resistance












1. Introduction


Titanium alloys are widely used in military, aerospace, marine, chemical, and biomedical equipment industries [1] because of their low density, high specific strength, and corrosion resistance [2]. However, the limitations of titanium alloys, such as low wear resistance and oxidation at high temperature, significantly restrict their service environment and application fields [3,4,5]. In the military field, the high friction coefficient of titanium alloys usually causes damage to the equipment components, which seriously affects weapons accuracy. For example, titanium muzzle brakes and brass shells undergo adhesive wear under high-temperature friction. It damages the performance of the brake and affects the accuracy of the shells. To solve the above problems, surface treatment techniques such as nitriding, carburizing, oxidation, physical vapor deposition, chemical vapor deposition, and ion implantation [6,7,8,9] are often used to improve the surface properties of titanium alloys.



Laser cladding is also used to improve the surface properties of titanium alloys due to the customized powder composition [10]. Many scholars have been working on laser cladding of titanium alloys to obtain coatings with good compatibility, excellent wear resistance, and high-temperature oxidation resistance. N. Jeyaprakash et al. [11] prepared NiCrMoNb and NiCrBSiC coatings on titanium alloys to improve the wear resistance of the cladding layer as the γ-Ni in the coating was mixed with chromium (Cr), silicon (Si), molybdenum (Mo), and boron (B) to form a dendritic eutectic structure. Zhang et al. [12] found that when the Si content was 20%, the NiCrBSi coating on TC4 alloys had the best wear resistance. The increase in the Si content accelerated the transformation of the coating from violent oxidation to slow oxidation. At the same time, it delayed the increase rate of the content of the high hardness phase Ti5Si3 in the oxidation process. However, coatings with Si content higher than 20% had higher cracking susceptibility. Ceramic coating can significantly improve the hardness, wear resistance, and oxidation resistance of titanium alloys [13], but the ceramic coating is easy to crack due to its high brittleness. Therefore, research mainly focuses on composite ceramic coatings, and there has been much work using density functional theory (DFT) to understand wear and structural properties in composite ceramic materials and reveal mechanisms for the strength of structures [14,15]. Yoshitaka Umeno [15] et al. calculated the ideal strength of SiC crystals by first-principles DFT. The effect of the polytype SiC structures on the shear strength of some shear systems appears to be significant, while that on the tensile strength is marginal. Under multi-axial stress conditions, SiC can not only experience cleavage by tension, but also slide due to shear stress, although it is basically brittle. Anand M. Murmu [16] et al. prepared a ZrO2-Al2O3-TiO2 ceramic coating on the TC4 substrate, in which the nano-ZrO2 of the tetragonal phase and monoclinic phase reduced the friction coefficient and improved the hardness and wear resistance. Zhao et al. [17] prepared a TiOx coating, mainly composed of TiOx and Ti, with a small amount of Al2O3, and showed that the cured TiOx coating had extremely high fracture strength, hardness, and excellent wear resistance. Li et al. [18] studied the effect of Al2O3-13%TiO2 on the structure and properties of TiAlSi composite coatings. They found that the stable α-Al2O3 improved the mechanical properties of the coating; a small amount of TiO2 reduced thermal stress, curing shrinkage and cracking tendency; and the hardening phase Ti3AlC2 improved the strength and thermal shock resistance. Zhang et al. [19] used Ni60/20%WS2 powder to prepare a self-lubricating coating on the surface of TC4. During the cladding process, WS2 was decomposed to CrxSy-type compounds and TiS2, in which CrxSy formed a transfer film on the friction surface to achieve the anti-friction effect and TiS2 acted as a lubricant. Moreover, MoS2 reduced the friction coefficient of the Ni-based self-lubricating composite coating and improved the wear resistance by forming a lubricating transfer film during the dry sliding wear process [20].



Great progress has been made in the research of wear-resistant coatings on the surface of laser cladding titanium alloys, but there are still many problems to overcome. As mentioned above, most researchers used laser cladding to improve the surface wear resistance of titanium alloys by adding or generating a ceramic hardening phase with high hardness and high wear resistance in the coating. However, under high temperatures or in an environment where the lubricating medium was not suitable, the coating surface still exhibited a high friction coefficient in wear, which affected the surface quality of the coating itself and the wear parts and reduced the service life of the parts in long-term wear. Therefore, the coating should improve the wear resistance of the surface of the part and have a certain anti-friction performance to satisfy the part’s long-term working under special conditions such as high temperature and vacuum. Nowadays, as the application of titanium alloys becomes more and more widespread, it is necessary to prepare a self-lubricating and wear-resistant composite coating by laser cladding on titanium alloys to improve their wear resistance. However, the lubricating phase can reduce the friction coefficient of the coating, and the excess lubricating phase can reduce the strength and hardness of the coating. Moreover, increasing the hardness of the coating can improve the wear resistance of the coating, but if the content of the hard phase is too high, the brittleness of the coating increases, and fatigue cracking is likely to occur in the process of friction and wear. Many scholars have carried out research on self-lubricating wear-resistant coatings. Dai et al. [21] fabricated self-lubricating TiB2-TiCxNy ceramic coatings on Ti-6Al-4V alloy by laser surface alloying with B4C and graphite powders in nitrogen atmosphere. Gao et al. [22] fabricated Ti-Ni/TiN/TiW + TiS/WS2 self-lubricating wear resistant composite coating on Ti-6Al-4V alloy by laser cladding with NiCrBSi, TiN, and WS2 powder mixtures. Zhu et al. [23] prepared Co-Cu/Ti3SiC2 self-lubricating wear resistant composite coatings on Ti6Al4V alloy by laser cladding. The average microhardness of these coatings has been significantly improved compared with substrate due to the reinforcing phases, and the wear resistance of the coating has also been effectively improved. However, these studies mainly focus on the wear performance and wear mechanism at room temperature, and there are few studies on the wear performance at high temperatures.



The commonly used self-fluxing alloy materials and metal-based ceramic materials have poor compatibility with titanium alloys, which cannot solve the problems of high friction coefficient and easy adhesive wear of titanium alloys. At the same time, the hardness and toughness of the coating cannot be balanced. Therefore, we designed a novel titanium-based composite coating on the muzzle brake by laser cladding to enhance the wear resistance of the coating by adding SiC ceramic phase and MoS2 self-lubricating phase. We explored the high-temperature wear mechanism of the composite coating by analyzing the microstructure, phase structure, microhardness, friction reduction, and wear resistance.




2. Materials and Methods


The substrate was TC4 titanium alloy, and its chemical composition is shown in Table 1. The substrate is a duplex microstructure in the as-cast state, with a size of 170 × 130 × 13 mm. A mixed powder consisting of TC4 powder for suitable compatibility with the substrate, SiC powder for hardening, and Ni-coated MoS2 powder for lubricating was prepared, and its morphologies are shown in Figure 1. The TC4 powder particles have a uniform size of 100–150 μm high sphericity and smooth surface, which provides good fluidity during the cladding process. SiC powder particles with the purity of 99.9% have excellent high-temperature strength, good wear, corrosion resistance, and low cost, and are used to improve the wear resistance of the coating. Because MoS2 was easy to burn during the cladding process, Ni-coated MoS2 was selected as a lubricant phase. The powder contains 25.41% MoS2, and the rest is Ni. The microscopic morphologies of powder particles are shown in Figure 1.



The effect of powder composition on the coating performance was explored through preliminary tests. We found that too high SiC content easily led to the cladding cracking or even peeling off. Excessive MoS2 content caused the formation of large pores, and the presence of Mo reduced the elastic modulus of the Ti-Mo system. Therefore, the powder ratio was determined to be TC4:SiC:Ni-coated MoS2 = 98.5:1:0.5.



The laser cladding system consisted of a YLS-4000 fiber laser, powder feeding system, walking mechanism, and integrated control. The powder feeding system consisted of a TD03 laser cladding synchronous turntable double-cylinder powder feeder, an anti-static powder feeding tube, and a coaxial four-point nozzle. The cladding shielding gas was 99.999% high-purity argon. In the early stage of the experiment, we conducted single-factor experiments and multi-factor orthogonal experiments, through which the optimized process parameters were determined, as shown in Table 2. During the laser cladding process, the substrate was kept at 250 °C. TC4 coatings were prepared using the same process parameters for comparison. The schematic diagram of laser cladding is shown in Figure 2.



The as-deposited composite coating was evaluated for its microstructural characteristics, hardness, tensile properties, and high-temperature wear performance. The metallographic specimen was obtained with 10 mm × 10 mm × 10 mm via a wire-cutting machine, then polished by a series of abrasive paper, and etched by a mixed reagent with HNO3:HF:H2O = 2:3:5 for 10 s. The AIM Zeiss microscope was used to observe the metallographic structure of the cladding layer, and the FEI Nova Nano SEM 400 field emission scanning electron microscope (SEM) was used to observe the microscopic morphology. An energy dispersive spectrometer (EDS) in SEM was used to analyze the types and contents of constituent elements in the selected micro-zones on the surface of the coating and friction and wear samples. The X Pert Pro MPD X-ray diffractometer (XRD) with a Cu target, the voltage being 40 kV, the current being 40 mA, and the scanning step of 0.02°/min was used for the phase analysis of the laser cladding layer. The DHV-1000ZTEST micro-Vickers hardness tester was used to test the microhardness of the coating. The test area was a straight line from the near-surface of the cladding layer to the substrate area. The test load was 1.96 N, lasting for 15 s, and the test point interval was 0.1 mm. In this paper, the thicknesses of the coating, bonding interface, and heat-affected zone (HAZ) were relatively narrow, being only 1–2 mm. The micro-shear method was used to measure the shear strength of each area. The sample size was 1.5 mm × 1.5 mm × 20 mm, and the shearing speed was 1 mm/min. The micro-shear tester was developed by The Welding Laboratory of Southwest Jiaotong University. The high-temperature wear performance was performed by the HT-1000 high-temperature friction and wear tester, which is composed of four parts: a computer control system, a high-temperature furnace, a mechanical friction system, and a loading mechanism. The required load was applied after heating the furnace to the target temperature during the test. Meanwhile, the friction sample fixed on the plate was driven to rotate against the counter surface (ball). In this paper, the diameter of the friction sample was 30 mm and the diameter of the friction pair was 6 mm. The chemical composition of the friction pair was 69.7%–71% Cu, 0.085% Fe, 0.0029% Pb, and the rest was Zn. The test load was 2.94 N, the sliding speed was 6 m/s, and the friction radius was 6 mm. The experimental temperatures were room temperature, 200 °C, 400 °C, and 600 °C, and the experimental time was 10–30 min. The wear volume was obtained by the Bruker Contour GT white light interference three-dimensional profiler. The apparatus information used in this work is listed in Table 3.




3. Results and Discussion


3.1. Microstructural Characteristics of Composite Coating


The XRD phase analysis results of the composite coating prepared with optimized process parameters are shown in Figure 3. The XRD spectra was coincident with phase α-hexagonal-crystal-system Ti (a = b = 2.944 nm, c = 4.678) and Ti3Al (a = b = 5.793 nm. c = 4.649 nm); it exhibited a prominent (101) and (201) peak. The diffraction peaks occurred at 2θ = 35°, 38°, 40°, 53°, 71°, 77°, and 78°, indicating the diffraction of (100), (002), (101), (102), (110), (103), (112), and (201) planes of the α matrix and the diffraction of (200), (002), (201), (202), (212), (311), (222), and (401) planes of the Ti3Al matrix. The major peaks at around 38° indicated a strong presence of β-Ti in the sample, as shown in Figure 3, which indicated the diffraction of (110) planes. Therefore, the main phases in the coating were α-Ti, β-Ti, and Ti3Al. SiC and MoS2 were not detected due to the low content.



The cross-sectional morphology of samples is shown in Figure 4a. The cladding layer was roughly divided into four areas from top to bottom: the coating, the bonding interface, the heat-affected zone (HAZ), and the substrate. There were apparent differences in the microstructures of each area. The reason was that the cladding layer had different temperature gradients and solidification rates at different depths. Because the surface of the cladding layer was in contact with the air, there was convection heat dissipation between them, which led to a high solidification rate, resulting in equiaxed grains. On the contrary, the cladding layer’s heat conduction at the bottom was relatively slow, so it was easy to form columnar grains, and these columnar grains grow directionally [24]. Consequently, from the surface layer to HAZ, the microstructure of each area was different. The microstructure of the surface of the coating exhibited equiaxed grains with the grain sizes ranging from 102.39 to 255.31 μm. The columnar grains were observed at the bottom with the grain length up to 910 μm, and the width ranged from 208.78 to 321.81 μm. The bonding interface (the junction of the cladding material and the substrate) was an excellent metallurgical bond. Figure 4b,c shows the microstructure of the cladding layer under optimized process parameters. It can be seen from Figure 4b that the β phase displayed a fine mesh basket microstructure with clear grain boundary. In Figure 4c, a large number of α-laths and fine white fragments and spheres are present. The EDS detection result in Table 4 showed that the spheres were SiC particles, and the white fragments were Ti3Al. Due to the high cooling rate of laser cladding, the β phase was not totally transformed into the α phase. Some untransformed β phase transformed into a metastable phase α’, and others remained in the β phase structure. The basket-weave and sheet-like α phase with small ratio and staggered arrangement were distributed on the transformed β substrate. Acicular hexagonal martensite was not found in the metallographic structure, which might be attributed to the fact that it was a metastable phase and decomposed into α + β phase at a high temperature as the sample had been kept at 250 °C during the laser cladding process [25]. Ti3Al intermetallic compounds were formed during the phase transformation when the Al content was 5%–25% [26]. In this work, the Al content in the cladding powder system was about 6%, and as a result, Ti3Al precipitated from the molten pool during the solidification of the laser cladding. Zhang et al. [27] generated ultra-fine nanocrystalline Ti3Al in the TC4 coating with the same feature as the fragmented white structure in Figure 4c. The size of Ti3Al in Figure 4c was slightly larger than that due to the larger laser power used in this work. The precipitated Ti3Al was dispersed and distributed in the coating to cause the precipitation strengthening and dispersion strengthening.




3.2. Microhardness and Shear Properties


Figure 5 shows the microhardness of the samples. The dispersion of SiC increased the microhardness to 466.75 HV, which is 1.5 times as high as the substrate. The uneven distribution of SiC and a small number of pores in the coating caused slight fluctuations in the microhardness. The average microhardness of the bonding interface was not much different from the microhardness of the substrate, which was only increased by 10%.



Figure 6 shows the shear curve (load–displacement curve) of each area. The maximum shear stress at fracture was arranged in order of coating, bonding interface, HAZ, and substrate. The fracture of the coating occurred immediately after the maximum load was applied without plastic deformation, indicating that the coating was brittle. On the contrary, both the bonding interface and the HAZ experienced a plastic deformation, crack formation, and propagation.



In the shear test, the deformation of the shear surface varied with the cutting depth into the sample. The brittle and hard sample led to shallow cutting depth and small shear surface deformation. Therefore, the cutting depth and the deformation of the shear surface can reflect the plasticity of the material. In this paper, the indentation rate α was introduced as an index of plasticity. The calculation method was given by the following equation:


  α =    (   A 0  −  A k   )     A 0    × 100 % ,  



(1)




where A0 is the cross-sectional area of the sample and Ak is the minimum cross-sectional area after the sample was broken. The smaller the Ak is, the higher the indentation rate α is, which indicates that the material has strong deformability and good plasticity.



Figure 7 shows the shear strength and indentation rate of the prepared cladding samples. The shear strength gradually decreases from coating, bonding interface, HAZ, to substrate. The indentation rate arranged in order from large to small was bonding interface, HAZ, coating, and substrate. Ti3Al was dispersedly distributed in the coating. Ti3Al has a hexagonal close-packed crystal structure, and only one slip system at room temperature, which results in the plasticity of the coating being lower than that of the bonding interface. The strength and plasticity of the coating were better than those of the substrate, which indicated that the coating and the substrate were well bonded. Moreover, the bonding interface had a higher plastic deformation capacity than that of the substrate.



The shear fracture morphology of the coating is shown in Figure 8. The macroscopic morphology of the fracture was relatively smooth with evident shear bands and parabolic ductile dimples. The macroscopic morphology exhibited a rock-like pattern with a strong three-dimensional effect in area A, where the grain boundary and lots of pores in the fracture could be observed. According to area B in Figure 8a, a large number of small planes on the grain boundary of the fracture surface were found, suggesting that the fracture of the coating was a brittle intergranular fracture.




3.3. Formatting of Mathematical Components


The friction coefficient, wear rate, and wear scar morphology of composite coatings, TC4 coating, and substrate were investigated by wear against H70 brass, which is the main component of the outer wall of the shell. The wear mechanism and the high temperature wear resistance of the composite coating were explored.



3.3.1. The Influence of Temperature on Friction Coefficient


The friction coefficients of three samples’ wear against H70 brass at different temperatures are shown in Figure 9. At the beginning of wear, the contact surface between the worn ball and the sample was a tiny convex peak composed of the end surface and the cylindrical surface [28]. At this time, the contact area was small and constantly changing, resulting in unstable load and large fluctuation in the wear coefficient. Therefore, the unstable data of the wear process at the initial stage (about 3 min) of the wear test are ignored in this section. As the wear proceeded, the contact area increased so that the device rotated stably, and the friction coefficient gradually stabilized. At all temperatures, the friction coefficient of the composite coating were more stable than that of the substrate and the TC4 coating.



At room temperature, the friction coefficient of the composite coating and the substrate gradually stabilized at a similar value over time. The friction coefficient of TC4 coating fluctuated greatly, and the value was high. After several minutes of wear at 200 °C and 400 °C, the friction coefficient of the composite coating was stabilized at about 0.6, and the friction coefficient of the substrate and the TC4 coating was higher, but neither exceeded 1.0. At 600 °C, the friction coefficients of the three samples for the first 5 min were stable at about 0.4–0.5. As the wear time increased, the friction coefficient of the composite coating increased to about 0.6, and it was relatively stable. However, due to the softening of H70 brass at high temperatures, adhesive wear occurred in the substrate and the TC4 coating, which rapidly increased the friction coefficient of them, and the friction coefficient of the TC4 coating even exceeded 1.0.



Figure 10 shows the average friction coefficient of the three samples’ wear against H70 brass at different temperatures. The average friction coefficients of the three samples all increased with the temperature increasing. Among them, the average friction coefficient of the composite coating increased the slowest with temperature, while that of the TC4 coating was first gentle and then sharply increased. At all temperatures, the coefficient of friction of the TC4 coating was the largest, followed by the substrate and the composite coating. From room temperature to 400 °C, the friction coefficient of the composite coating was 2%–10% lower than that of the substrate and 10%–15% lower than that of the TC4 coating, while at 600 °C, it was 23% lower than that of the substrate and 31% lower than that of the TC4 coating. It could be concluded that the composite coating exhibited better anti-friction properties at high temperatures. The MoS2 in the composite coating was a layered structure and prone to relative sliding between the atomic layers. There was only a small van der Waals force between the layers of MoS2, which was easy to form a lubricating transfer film on the contact surface during the friction process to reduce the friction coefficient. MoS2 oxidized above 400 °C, part of which generated MoO3. MoO3 was a layered structure with multiple sliding surfaces, which also played a role in reducing the friction coefficient [29].




3.3.2. The Influence of Temperature on Wear Volume and Wear Rate


The wear volume was selected as an index to measure the wear resistance of the coating. Figure 11 shows the wear volume of the three samples’ wear against H70 brass at different temperatures and times. As the temperature increased, the wear volume of the substrate gradually increased. After 30 min, at room temperature, 200 °C, and 400 °C, the wear volume of the TC4 coating was not much different, but it became larger at 600 °C. When the temperature was below 400 °C, the wear volume of the composite coating gradually decreased as the temperature increased, but at 600 °C, it increased significantly, as seen in Figure 11c.



To reduce the test error, the wear rate K (mm3/N·mm) was introduced to more accurately measure the wear resistance of the coating. Figure 12 shows the wear rate of the three samples’ wear against H70 brass at different temperatures and different times. The wear rate of the three samples decreased with the increase in time. The wear rate reached the peak value in 10 min, and it almost remained the same in 20 min and 30 min. The friction and wear process could be divided into the “run-in” stage and the stable wear stage [30]. In the “run-in” stage, there were some tiny peaks on the wear contact surface, with large undulations and unevenness. The sample’s surface was likely to flake off due to fatigue or plowing, which caused the wear to become more serious. In the stable wear stage, the wear rate decreased because the convex peaks of the contact surface were gradually smoothed, the large topographical fluctuations disappeared, the wear contact area increased, and the friction coefficient tended to be stable. At room temperature, the wear rate of the composite coating was 20% higher than that of the substrate and 10% lower than that of TC4 coating and did not exhibit wear resistance, which was consistent with the analysis result of the friction coefficient in 3.3.1. At 200 °C and 400 °C, the wear rate of the composite coating was 15%–35% lower than that of the substrate and about 20% lower than that of the TC4 coating. At 600 °C, the wear rate of the composite coating was 58% lower than that of the substrate and 54% lower than that of the TC4 coating. It can be concluded that the composite coating exhibited better wear resistance at high temperatures.




3.3.3. Wear Mechanism of Composite Coating


The wear morphology of the three samples’ wear against H70 brass at different temperatures for 30 min is shown in Figure 13.



At room temperature, the surface of the substrate and the TC4 coating underwent severe plastic deformation and fracture, and the coating peeled off, which caused many wear particles to appear between the surface and the worn ball and caused abrasive wear to occur, resulting in their wear coefficient fluctuating greatly. At the same time, some brass adhered to the wear scar surface under the load. The composite coating only had slight scaly peeling and wear debris.



At 200 °C, the wear debris plowed grooves on the surfaces of the three samples under the action of normal stress. At high temperatures, the material softened, and its shear resistance was low. Meanwhile, because the TC4 titanium alloy material was relatively viscous [31], the wear surface was prone to adhesive force, which made it accessible to adhesive tearing under the action of external force [32]. Adhesive tearing of the composite coating was relatively low.



At 400 °C, the wear debris that accumulated on the surface of the substrate was filled into the furrow, and the furrow became shallow. Large pieces of brass adhered to the surface of the wear scar. The peeling area of the TC4 coating was enlarged, and more alloys were oxidized. Due to the lower strength of TiO2, the oxide film was broken during continuous wear and mixed with the adhered brass to form a large area of adhesive wear. Coupled with the adhesion effect, the two caused the lump debris to become larger at the wear scar. The surface of the composite coating was relatively flat, and the furrow was not obvious. The primary wear mechanism was adhesive wear. Compared with the substrate and the TC4 coating, the adhesive wear of the composite coating was lower. This was because MoS2 had good ductility and was prone to slippage. The formed MoS2 friction film increased the friction contact area [33].



At 600 °C, the furrows on the surface of the wear scar on the substrate became wider, and a lot of brass attached to the surface was broken. It was difficult to observe furrows on the wear scar surface of the TC4 coating. A large amount of brass adhered to the wear scar surface. The main wear mechanisms were adhesive wear and oxidative wear for the substrate and the TC4 coating. The wear morphology of the composite coating was similar to that at 400 °C. For the composite coating, there was less adhesive wear than the substrate and the TC4 coating at 600 °C.



Titanium alloys have high lattice energy at high temperatures and are prone to dislocations and slippage, resulting in plastic deformation. Moreover, alloying elements in TC4 are easily oxidized at high temperatures and produce many oxidation products, such as TiO, TiO2, Al2O3, and V2O3 [34]. Therefore, the wear mechanism at high temperatures is different from that at room temperature. We analyzed the wear mechanism of the composite coating at different temperatures.



The wear morphology of the composite coating wear against H70 brass for 10–30 min at different temperatures is shown in Figure 14, and the EDS detection results of each point in Figure 14 are shown in Table 5. As the wear time increased at room temperature, few scaly and round peak-like peeling layers and oxide abrasive grains gradually appeared on the friction surface [35]. The furrow was shallow, and the peeling was not obvious, but the wear scar surface was attached with large flakes of brass. Therefore, the wear mechanism at room temperature was mainly adhesive wear, accompanied by slight abrasive wear and oxidative wear.



At 200 °C, some shallow furrows and scaly peeling appeared on the surface to which the oxide film and little brass adhered after wearing 10 min. As the wear time increased, the furrow was deepened and a large amount of abrasive debris was produced, and the brass that adhered to the surface was rolled and smoothed. After 30 min of wear, the abrasive grains on the surface disappeared and the mixture of oxides and brass increased. The mixed oxide film had a strong bearing capacity and compactness, which protected the coating and prevented abrasive wear [36]. Therefore, the wear mechanisms at 200 °C were adhesive wear, oxidative wear, and slight abrasive wear.



In the early stage of wear at 400 °C, as the brass was very soft, the furrow on the worn surface was very shallow, and the surface layer did not peel off. The main wear mechanisms were adhesive wear and oxidative wear. As the wear time increased, the adhesive wear increased. However, due to the combined action of the MoS2 transfer film, and MoO3 in the Magnéli phase, the aggravation of the adhesive wear on the coating was delayed. When the wear time increased to 30 min, the coating produced wear debris, which caused secondary wear on the surface, resulting in delamination and furrows. The main wear mechanisms were still adhesive wear and oxidative wear.



At 600 °C, the adhesive wear on the surface of composite coating was severe after 10 min of wear, showing shallow furrows and fine wear debris distributed on it. As the wear time increased, the furrow deepened, and at the same time, the number of abrasive particles increased and an oxide film formed on the wear scar’s surface. The MoO3 with a spherical shape, formed by the oxidation of MoS2, was distributed on the surface. When the wear time increased to 30 min, the abrasive particles decreased, the wear system tended to be stable, and the wear volume increased slightly. The main wear mechanisms were oxidative wear, adhesive wear, and abrasive wear. The high-temperature environment and wear heat caused different degrees of oxidation on the wear contact surface. When the temperature was low, the MoS2 transfer film on the wear contact surface and a small amount of dense Al2O3 oxide film with high load-bearing capacity played a role in reducing adhesive wear. As the temperature increased, the oxidation intensified, which produced a large amount of TiO and TiO2. The oxidation wear occurred, and the loose oxide film reduced the wear resistance of the coating [37]. This resulted in a significant increase in the wear amount of the composite coating at 600 °C.






4. Conclusions


In this study, we prepared a TC4 composite coating reinforced by SiC and MoS2 on a muzzle brake by laser cladding to improve its wear resistance properties and reduce the wear rate. The following results were obtained.



(1) The microstructure of the composite coating was examined. The composite coating consisted of equiaxed grains with grain sizes ranging from 102.39 to 255.31 μm on the surface, and columnar grains with a maximum length of 910 μm and width ranging from 208.78 to 321.81 μm on the bottom. The grains with mesh basket microstructure were mainly α-Ti and β-Ti phases. The strengthening phase SiC with a fine spherical shape was diffusely distributed in the coating.



(2) The microhardness and the shear properties of the composite coating were tested. The microhardness of the composite coating was about 466.75HV, which was almost 1.5 times that of the substrate due to the dispersion strengthening of SiC in the composite coating. Compared with the substrate, the plasticity of the coating, bonding interface, and HAZ increased by 14%, 25%, and 6%, respectively. The fracture mechanism was a brittle intergranular fracture. The high plasticity of the bonding interface indicated that the bonding of the coating is quite strong.



(3) The influence of temperature on wear properties was investigated, and the mechanisms were studied. When wearing against H70 brass, the friction coefficient of the composite coating gradually increased with the increase in temperature. The friction coefficient of the composite coating was about 10% lower, and the wear rate was 15%–35% lower than that of the substrate and TC4 coating when the temperature is below 400 °C. At 600 °C, they were reduced to about 30% and 55%, respectively. Compared with the substrate and TC4 coating, the wear rate of the composite coating was reduced by 15%–35% below 400 °C, and by 55% at 600 °C. The primary wear mechanism of composite coatings at room temperature was adhesive wear. At high temperatures, the main wear mechanisms were adhesive wear, oxidative wear, and slight abrasive wear. Compared with the substrate and the TC4 coating, the dense oxide film and the MoS2 friction transfer film formed on the friction contact surface of the composite coating significantly reduced the degree of adhesive wear. We thus concluded that the composite coating exhibited enhanced anti-friction and wear resistance at high temperatures.
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Figure 1. The morphology of powder: (a,b) TC4; (c,d) SiC; (e,f) nickel-coated MoS2. 
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Figure 2. Schematic diagram of laser cladding. 
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Figure 3. X-ray diffraction pattern of the composite coating. 
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Figure 4. Laser cladding sample: (a) cross-sectional morphology; (b) enlarged area A in (a); (c) microstructure in (b) obtained with SEM. 
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Figure 5. Microhardness of the titanium-based composite coating. 
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Figure 6. Load–displacement curve of each area. 
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Figure 7. Shear strength and indentation rate of each area. 
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Figure 8. Shear fracture morphology of composite coating: (a) macro fracture; (b,c) enlarged area A in (a); (d,e) enlarged area B in (a). 
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Figure 9. Friction coefficients of three samples’ wear against H70 brass at different temperatures: (a) room temperature; (b) 200 °C; (c) 400 °C; (d) 600 °C. 
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Figure 10. The average friction coefficient of three samples’ wear against H70 brass at different temperatures. 
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Figure 11. Wear volume of substrate, TC4 coating, and composite coating wear against H70 brass: (a) substrate; (b) TC4 coating; (c) composite coating; (d) comparison of wear for 30 min. 
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Figure 12. Wear rate of substrate, TC4 coating, and composite coating wear against H70 brass: (a) substrate; (b) TC4 coating; (c) composite coating; (d) comparison of wear for 30 min. 
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Figure 13. The wear morphology of the three types of samples’ wear against H70 brass for 30 min at different temperatures: (a-1) substrate with RT, (a-2) TC4 coating with RT, (a-3) composite coating with RT, (b-1) substrate with 200 °C, (b-2) TC4 coating with 200 °C, (b-3) composite coating with 200 °C, (c-1) substrate with 400 °C, (c-2) TC4 coating with 400 °C, (c-3) composite coating with 400 °C, (d-1) substrate with 600 °C, (d-2) TC4 coating with 600 °C, (d-3) composite coating with 600 °C. 
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Figure 14. The morphology of the wear scar of composite coating wear against H70 brass at different temperatures and times: (a-1) RT with 10min, (a-2) RT with 20min, (a-3) RT with 30min, (b-1) 200 °C with 10min, (b-2) 200 °C with 20min, (b-3)200 °C with 30min, (c-1) 400 °C with 10min, (c-2) 400 °C with 20min, (c-3) 400 °C with 30min, (d-1) 600 °C with 10min, (d-2) 600 °C with 20min, (d-3) 600 °C with 30min. 
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Table 1. Chemical composition of TC4 substrate and TC4 powder (wt %).
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	Materials
	Al
	V
	Fe
	C
	N
	O
	H
	Ti





	Substrate
	6.30
	4.05
	0.16
	0.005
	0.015
	0.17
	0.00388
	Bal.



	Powder
	5.95
	4.12
	0.10
	0.012
	0.012
	0.084
	0.0032
	Bal.
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Table 2. Optimized process parameter table.
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	Laser Power (W)
	Scanning Speed (mm/min)
	Powder Feeding rate (g/min)
	Shield Airflow (L/min)
	Carrier Powder Gas Flow (L/min)
	Preheating Temperature (°C)
	Focused Beam Diameter (mm)





	1500
	300
	9
	35
	8
	250
	0.2
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Table 3. The information of the apparatus used.
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	Device Designation
	Company
	City
	Country





	AIM Zeiss microscope
	Carl Zeiss AG
	Oberkochen
	Germany



	FEI Nova Nano SEM 400 field emission scanning electron microscope
	Thermo Fisher Scientific
	Hillsboro, OR
	USA



	X Pert Pro MPD X-ray diffractometer
	PANalytical B.V.
	Almelo
	The Netherlands



	DHV-1000ZTEST micro-Vickers hardness tester
	Chengdu Coret Intelligent Technology Co., Ltd.
	Chengdu
	China



	Micro-shear tester
	The Welding Laboratory of Southwest Jiaotong University
	Chengdu
	China



	HT-1000 high-temperature friction and wear tester
	Lanzhou Zhongke Kaihua Technology Development Co., Ltd.
	Lanzhou
	China



	Bruker Contour GT white light interference three-dimensional profiler
	Bruker Corporation
	Billerica, MA
	USA
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Table 4. EDS detection result of the test point in Figure 4c (at %).
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	Element
	Al
	Ti
	V
	C
	Si





	Content
	7.94
	83.79
	3.03
	3.53
	1.71
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Table 5. EDS detection results of each point in Figure 14 (at %).
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	Point
	Ti
	Al
	V
	Mo
	Si
	O
	Cu
	Zn





	1
	3.15
	—
	0.20
	—
	—
	16.36
	49.28
	31.01



	2
	49.91
	2.66
	2.42
	0.35
	0.64
	42.40
	0.86
	0.76



	3
	32.02
	3.76
	1.58
	—
	0.51
	34.44
	18.08
	9.61



	4
	15.39
	2.03
	0.88
	—
	—
	55.74
	16.35
	9.62



	5
	25.34
	1.97
	1.37
	—
	0.41
	48.48
	16.04
	6.39



	6
	18.96
	1.90
	1.08
	20.62
	0.60
	56.84
	—
	—



	7
	6.73
	1.03
	0.48
	18.67
	—
	73.09
	—
	—
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