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Abstract

:

Fabrication of W- and Co-free wear-resistant cermets is a vital task in modern machinery due to the toxicity of Co-based products and poor availability of Co and W containing raw materials. In this paper, a TiC-NiMo coating produced by laser-directed energy deposition (L-DED) on a Ti-6Al-4V substrate was demonstrated. Mechanical alloying of TiC, Ni and Mo powders followed by spray-drying was proposed to fabricate a feedstock spherical composite powder suitable for an L-DED machine. It was shown that this method is more applicable in the case of a TiC-containing composition than gas atomization and plasma spheroidization methods. The size of the resulting particles was in the range of 10–100 μm while the size of the 70 vol.% was in the range of 45–75 μm. L-DED provided a good adhesion of the coating, though the presence of pores and transverse cracks was also observed. The coating’s hardness was up to 1500 HV, which is not inferior to the hardness of known TiC-based cermets and is promising for obtaining a good wear resistance of the coating. It was shown that it depended on the thickness due to the mixing zone influence. The coating structure contained TiC- and Mo-based precipitates and a Ni-based binder. The weight loss of the coating samples after an abrasive wear test with 4000 revolutions of a testing wheel was 0.0464 g and that can be considered insignificant. The wear did not lead to the appearance of new defects and cleavage of the coating. Further optimization of the component ratio and L-DED parameters could help to improve the performance of the coating and make this technology rather promising to improve the wear resistance of machinery parts working in high-wear environments.
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1. Introduction


Parts operating at an increased wear must simultaneously have a high strength and good ductile properties, in particular, a sufficiently high impact strength. However, for conventional steels and alloys, it is quite difficult to provide a suitable complex of mechanical properties. One of the successful technical solutions for wear-resistant parts is the use of composite hard alloys based on a Co matrix with embedded particles of WC and cermets based on the embedded particles of TiC or Ti(C,N) [1,2]. They are widely used as materials for cutting tools, turbine parts, aircraft engines, friction elements and parts operating in aggressive environments and at elevated temperatures.



At the moment, most composite alloys are based on the WC-Co system. However, according to the European REACH program, products based on these components are considered toxic and carcinogenic, both in powder and compact form. There is also a problem with the availability of Co and W raw materials. The shortage and the toxicity of such alloys provided the development of Co- and W-free hard alloys. Various compositions based on titanium carbides, nitrides and borides are being studied as a reinforcing phase [3,4] in a variety of matrices, ranging from steels to high-entropy alloys [5,6,7,8]. Cermets based on titanium carbides and carbonitrides with a metal binder of Ni, Fe and Mo are a promising replacement for hard alloys based on tungsten carbides [1] due to their unique properties despite their somewhat inferior hardness and wear resistance [3].



TiC has a high melting point, low density, good thermal and electrical conductivity, high hardness, high strength and corrosion resistance that allows for the use of TiC-based cermets in cutting tools, wear-resistant coatings and parts operating in aggressive environments [9,10]. The introduction of ceramic TiC particles into a more ductile metal matrix allows for the implementation of an additional mechanism of dispersion strengthening, which is often used to increase the strength of Ni-based alloys such as Inconels [11,12,13]. Since wear environments imply high local temperatures, it is reasonable to add high melting point elements such as Mo to a Ni-based matrix to increase its heat resistance.



The main methods for producing composite hard alloys are powder metallurgy (PM) methods including mechanical alloying, sintering, high-temperature synthesis and so on [5,14,15]. Currently, a large number of studies are dedicated to using additive technologies (ATs) for the fabrication of products and coatings from cermets [8,16,17]. Additive technologies are based on the design of a three-dimensional CAD model and layer-by-layer manufacturing of the product, which makes it possible to obtain more complex geometries and a higher strength compared to those of traditionally manufactured items. ATs also help to significantly reduce post-processing operations and material consumption [18,19,20].



Additive technologies, which use a laser beam as an energy source, also allow for achieving a fine-grained structure of metal alloys [18,19,20]. The most widely used ATs for manufacturing cermet-based products are laser powder bed fusion (L-PBF) [8,15,16] and laser-directed energy deposition (L-DED) [21,22,23]. L-PBF technology provides a higher precision and better quality of a product surface than L-DED technology, but the speed of the process is lower [24]. In addition, L-DED technology is more promising for the fabrication of wear-resistant coatings and subsequent repair of the products. Manufacturing of the cermets using AT processes can be challenging due to the brittleness of the ceramics. The fabrication of cermets using a laser beam causes rapid melting and cooling of the melt pool. It results in a complex profile of residual thermal stresses in the manufactured part [25,26], which can lead to the formation of defects such as cracks, delamination and porosity, and can also lead to the coagulation of strengthening particles due to the lower density of ceramics compared to a metal matrix [27,28]. The selection of printing and post-processing modes is an important aspect for the reduction in internal stresses and elimination of such defects.



It is also important to correctly combine coating and substrate compositions which significantly influence the adhesion of the coating and subsequent wear resistance. For the good performance of the coating, compositions with similar coefficients of thermal expansion are usually applied. L-DED technology has advantages over other methods due to the partial melting of the substrate; the powder is also melted and is partially mixed with the material of the substrate resulting in the formation of a strong bond between them.



This work aimed to study the technological steps of the additive manufacturing of a TiC-NiMo cermet including the production of a feedstock composite powder and the coating application on a Ti-6Al-4V substrate using the L-DED method and their influence on the structure and properties of the TiC-NiMo cermet coating.




2. Materials and Methods


2.1. Fabrication of Composite Powders


To produce a TiC-NiMo composite powder, commercial powders of TiC (D50 = 7 µm), Ni (D50 = 18 µm) and Mo (D50 = 25 µm) were used as feedstock materials. The morphology of these powders is presented in Figure 1. The components were mixed in the ratio of 79 wt.% TiC, 15 wt.% Ni and 6 wt.% Mo and the mixture was placed into a Fritsch Pulverisette 4 vario-planetary mill (Fritsch, Idar-Oberstein, Germany) with grinding balls made of a WC-based hard alloy. Then, mechanical alloying (MA) was carried out in Ar atmosphere according to the following modes: the ratio of the powder mixture mass to the grinding balls mass was 1:20, disk/bowl rotation speed was 200/−400 rpm, grinding time was 3 h.



After MA, spray-drying was carried out using an LPG-5 device (Changzhou Yibu Drying Equipment Co., Ltd., Changzhou, Jiangsu, China). The spray-drying process is as follows. The filtered heated air is uniformly supplied by a spiral downward flow into the drying chamber through an air distributor. A suspension of solvent binder and powder filler is sprayed into the drying chamber through a centrifugal disc grinder. Upon contact with hot air, small drops of the sprayed suspension disintegrate, dry out and form individual small particles falling to the bottom of the chamber. A 2% aqueous solution of polyvinyl alcohol (PVA) was used as a binder; the mass ratio of powder to binder was 1:1. The air temperature in the process of spray-drying was 95 °C. The rotation frequency of the grinding disk varied within the range of 15–50 Hz. The powder feed rate was 1.5 kg/h.




2.2. Coating Deposition by L-DED


The coating was produced by L-DED technology. It was carried out using a high-speed laser machine ZKZM (zKzM Laser Technology Co., Ltd., Xi’an, China). The main feature of this installation is the laser head. Inside it, the powder is coaxially fed, and the laser radiation generated by 4 modules placed on the head’s side is focused at one point, which is the zone of cladding. This method provides a high productivity of the machine combined with a minimization of the impact on the powder, in particular, a reduction in particle collision. To adjust the technology, the laser power and the velocity of the laser head movement were varied. Table 1 shows the mode that provided stability of powder deposition onto the Ti-6Al-4V substrate.



The laser beam width was 2.5 mm, protective argon gas flow rate was 20 L/min, carrier argon gas flow rate was 6 L/min, the layer height was 0.6 mm. The coating was applied in one and two layers. When depositing the second layer, a parallel scanning strategy was used and no shift of the tracks in relation to the previous layer was applied (Figure 2).




2.3. Characterization


The study of the morphology, structure and elemental composition was carried out using a Mira 3 Tescan scanning electron microscope equipped with detectors of secondary electrons (SEs) and back scattered electrons (BSEs), and EDX X-max 80 (Oxford instruments, Abingdon, Oxfordshire, England) device for energy-dispersive X-ray spectrometry (EDS).



Hardness was measured using a cross-section of the coatings on the substrate. The measurements were carried out according to the Vickers method described in ISO 6507-1 [29] using a Buehler Micromet 5103 (Buehler, Lake Bluff, IL, USA) microhardness tester. The load during the measurements was 5 N, the holding time was 10 s. For each state, at least 10 points were tested.



Particle size distribution was measured by laser diffractometer Fritsch Analysette 22 (Fritsch, Idar-Oberstein, Germany) using the wet method with ultrasound treatment. In this method, D50 is the maximum size of 50% of particles in the powder analyzed.



Wear tests were carried out using a G65 homemade testing machine according to ASTM G65 [30]. The test methodology consisted of abrading the surface of the test sample with dry abrasive quartz SiO2 particles with a size of 0.4–0.8 mm. The tests were carried out according to procedure B, including a load of 130 N applied to the sample and 2000 wheel revolutions. The wheel diameter was 228 mm. Upon completion of the tests, the weight loss of the samples was determined. Weighing was carried out using analytical balances with an accuracy of 0.0001 g. Figure 3 shows the diagram of the testing setup.



The study of the surface before and after wear tests was carried out using a Meiji Techno (Meiji Techno, Campbell, CA, USA) scanning microscope at the magnification of ×1.5.





3. Results and Discussion


3.1. Fabrication of the Powder for L-DED


The first step to produce the powder for the L-DED process was mechanical alloying. MA was carried out to obtain a uniform distribution of the initial components in the volume of the powder. Figure 4 shows micrographs of the powders produced.



Using different modes and conditions of MA, it is also possible to synthesize an alloy from the starting elements [31,32]. However, as can be seen from Figure 4, MA for 3 h resulted in no synthesis of the alloy. At the same time, a uniform mixture of the initial components in the volume of the resulting powder occurs and a uniform powder mixture is formed that is confirmed by element distribution maps (Figure 5). Figure 4 also shows a presence of bright white regions with a size of about 1 μm that correspond both to the initial Mo particles and to the W caused by the wear of the grinding balls during the MA process (Figure 5). Figure 5 also shows some Fe content that is caused by the wear of the grinding balls as well. The MA process implies an intense mechanical action, so brittle particles of the initial powders are prone to destruction and after 3 h of MA, the fragmented-shape particles in the resulting mixture had a mean size of 4 μm.



The irregular shape of the particles makes it difficult to use such a powder in AT machines due to their low fluidity and the risk of clogging the nozzles. One of the requirements for the powders in the L-DED process is their spherical shape [33]. The most widely used methods to produce spherical particles are plasma spheroidization (PS) and gas atomization. The first process provides a temperature up to 104 °C that makes it possible to melt almost any material even during short-term exposure to plasma. The melted droplets retain a spherical shape upon cooling. However, according to the C-Ti phase diagram [34,35], at temperatures above 3600 °C, TiC does not exist in a liquid state. Thus, when using the PS method, the particles will sublimate from the solid state and then precipitate in the form of small particles with a size of less than 1 µm. A similar effect is observed in the PS process applied to materials based on the C-Si system [33]. For this reason, the PS method is inappropriate for manufacturing spherical powders of such systems. Gas atomization implies lower temperatures with a more flexible variation in their values depending on the material used. However, the melting points of TiC and Mo are quite high, which causes technical difficulties in their gas atomization. From this point of view, spray-drying is a more reasonable method to obtain spherical particles without the melting step.



Another requirement that powders for L-DED should meet is the particle size, which must lie in the range of 40–150 μm to effectively use the laser focal spot of L-DED machines [26]. In this work, after MA, the particle size is significantly smaller than required. In order to shape the particles and to enlarge them, the spray-drying method described in Section 2.1 was chosen. Figure 6 and Figure 7 show micrographs of the resulting particles and element distribution maps.



As can be seen from Figure 6 and Figure 7, after spray-drying, spherical composite agglomerates are formed from smaller particles. The particle sizes lie in the range of 10–100 μm while 70 vol.% of the particles were in the range of 45–75 μm. For this estimation, dimensions of 50 particles on the SEM images were analyzed. The method of laser diffractometry is not considered applicable in this case as it results in breaking up the agglomerates due to PVA dissolution in the water environment of a measuring device. It can be noted that the powder after SD mostly contains particles of the needed size. At the same time, the surface of the particles is quite dense, with a small number of spaces between the small particles of the initial elements. Thus, the resulting powder satisfies the requirements for use in the L-DED process.




3.2. Coating Deposition by L-DED


Figure 8 shows the macrophotographs of the 1-layer (Figure 8a) and 2-layer (Figure 8b) samples produced by L-DED. The 1- and 2-layer samples show the presence of transverse cracks; the 1-layer sample also shows the presence of surface pores (Figure 8a). In the L-DED process, a gas–powder mixture is supplied into the melt pool zone with a rather high flow rate. In addition, L-DED technology provides a rather high cooling rate of about 103–104 K/s [36], which can, finally, result in the presence of pores in coatings produced by this method. To reduce the number and size of pores, a careful adjustment of the 3D printing modes by a consistent varying of all the technological parameters is required.



High cooling rates and significant temperature gradients common for ATs, including L-DED, also lead to the appearance of high internal stresses [25], which can result in the formation of cracks. The presence of such defects can decrease the general wear resistance due to faster brittle chipping at the defect sites and possible propagating of the cracks. In some cases, the cracks from the coating may pass to the substrate [37]. To obtain coatings without cracks, it is also necessary to optimize the technological parameters of L-DED. One of the most promising directions is to apply different scanning strategies such as rotating the successive layers by angles of 60–90° [38,39] to lower thermal stresses or to apply a double-scanning approach to cure pores formed and to improve the surface quality [40].



Nevertheless, despite the existing defects, the resulting coating had rather good adhesion upon visual inspection and did not peel off from the substrate. There was also no cleavage.




3.3. Coating Structure


Figure 9 shows the structure of the coating manufactured. Based on the SEM images of a cross-section of the coating, three main structural components (SC) can be distinguished: 1—dark gray round-shaped precipitates with a size of about 7 ± 2 μm, 2—light gray round-shaped precipitates with a clearly visible boundary with a similar size and 3—light gray areas between the precipitates. The average results of the elemental analysis are given in Table 2. The analysis was carried out without taking into account the oxygen content as EDS is not an appropriate method to determine it accurately. However, all three spectrums contained lines corresponding to oxygen. It can be explained by the high sensitivity of Ti-based alloys to oxygen. Thus, the presence of dissolved oxygen and some oxides in the coating cannot be excluded and it demands further investigations using other methods.



Carbon is another light element determined via EDS analysis. It is also impossible to accurately measure its content via this method. Moreover, its presence is always observed due to some carbon deposition in the SEM column. However, the obtained values can be used for comparison. Thus, in SC 1, the carbon content is significantly higher than in SC 2 and SC 3. It indicates that SC 1 is a carbon-containing component that corresponds to a TiC-rich component.



Based on the composition analysis of all areas that differ in contrast, it can be concluded that the dark gray areas are enriched with TiC, the light gray rounded areas are enriched with Mo and the intergrain component is enriched with Ni. There are also regions with TiC-based dendrites that are observed at the zones between tracks.



Since the melting points of TiC (3073 °C) and Mo (2623 °C) are significantly higher than the melting point of Ni (1455 °C), TiC and Mo crystallize first from the cooled melt after the laser beam passed and form solid precipitates of a nearly spherical shape. With the further cooling of the melt pool, Ni crystallizes between the particles of the already solidified phases, filling the free space between the precipitates. In this way, a composite material is formed with strengthening phases based on Mo and TiC, which have a high hardness. In this case, Ni, which fills the space between the solid particles and has good ductility, acts as a binder, preventing the brittle fracture of the material under conditions of increased wear.



Table 2 shows that in SCs 2 and 3, the presence of Al and V is also observed. These elements consist in the Ti-6Al-4V alloy used as the substrate. Thus, when applying a coating using the L-DED method, partial mixing of the applied powder with the substrate occurs when the laser beam forms a melt pool. It can also be seen that up to 2 wt.% W is found in the coating. It is mainly concentrated in the structural component enriched with Mo due to good mutual solubility. The appearance of W in the coating is explained by the wear of the hard alloy-based grinding balls used in the mill when mixing the initial powders.



Thus, when applying a coating using the L-DED method from the powders synthesized by preliminary MA, it is necessary to take into account changes in its elemental composition. However, W does not form separate precipitations, but dissolves in Mo and should not have a negative effect on the wear-resistant properties of the coating. It may also be noted that the coating thickness can influence its properties due to the presence of a mixing zone between the coating and the substrate.



The structure of the 2-layer coating is similar to the structure of the 1-layer coating (Figure 10). There are also TiC-rich and Mo-rich precipitates in the Ni-based binder and regions with TiC-based dendrites that are observed between adjoining tracks. However, TiC-rich precipitates are more numerous up to the surface of the coating. Table 3 shows the results of the EDS analysis of eight regions from the substrate to the surface of the coating. The regions are shown in Figure 10.



It can be seen that there is a gradient in chemical composition. The content of Ni and Mo gradually increases and achieves their targeted value at regions 7 and 8 that are at a distance of about 1 mm from the boundary formed between the coating and the substrate. Nevertheless, some amount of Al and V from the substrate is still observed in the regions close to the surface.




3.4. Wear Resistance of TiC-NiMo Coating Produced by L-DED


After applying 1- and 2-layer coatings onto the T—6Al-4V substrate, the samples were tested for wear resistance. The test results are shown in Table 4. For the 2-layer sample, two test cycles were carried out with intermediate measurements of the weight loss values.



Abrasive wear tests according to the ASTM G65 standard [30] are actively used in the oil industry to assess the wear resistance of coatings. It has some of the highest demands for this parameter. There is a common requirement that the weight loss of a sample after the testing should not exceed 0.24 g; however, specific values can also be set. For comparison, in papers [41,42], the weight loss of Fe-Cr-Nb-B alloys produced by various methods was in the range of 0.07–1.06 g. In paper [43], the weight loss of a Ti-6Al-4V alloy produced by electron beam melting was 0.049285 g after 2000 wheel revolutions. Thus, the coating deposited in this paper shows a high wear resistance and provides a better wear resistance to the Ti-based substrate.



A mass loss of 0.0464 g obtained after 4000 revolutions also corresponds to a volumetric loss of 7.96 mm3 estimated by Equation (1) [44]:


ΔV = (Δm/ρ) × 1000,



(1)




where Δm is the mass loss, g; ρ = 5.83 g/cm3 is the coating density estimated by using the components ratio.



From the volumetric loss, the dimensional wear coefficient per unit sliding distance can also be estimated according to the Archard model and Equation (2) [44]:


k = ΔV/(FN × D),



(2)




where FN is the normal load, N; D = 5727 m is the sliding distance after 4000 wheel revolutions.



Thus, k = 1.07 × 10−5 mm3/(Nm). In papers [45,46], the coefficient was more than 2 × 10−5 mm3/(Nm) for TiC-NiMo systems fabricated by PM methods with various values of binder content. This fact indicates the higher wear resistance of the TiC-NiMo coating deposited by the L-DED method using the selected components ratio and technological parameters. It should also be noted that TiC-NiMo cermets are still somewhat inferior to WC-Co hard alloys, as the latter can show a k of about 0.5 × 10−5 mm3/(Nm) [43,44]. Nevertheless, the results obtained are considered competitive and can be further improved by implementing other L-DED modes and an optimized components ratio.



Abrasive wear usually causes notable wear scratches on the materials’ surface such as long and deep scars [43,47]. Figure 11 shows the appearance of the TiC-NiMo samples produced by L-DED after abrasive wear testing. As can be seen from the Figure, the samples after wear tests contain almost the same defects, including surface pores and transverse cracks, as before the tests (Figure 8). No new defects, including any wear scratches, appear, and there is no cleavage or peeling off of the coating from the substrate that can indicate its good durability. However, it should be studied more thoroughly using longer tests.



Wear resistance of materials is largely determined by their hardness. The average hardness of the 1-layer and 2-layer TiC-NiMo coatings was 885 HV and 1070, respectively. The lower hardness in the case of the 1-layer coating may be associated with its higher porosity. However, the main reason is considered to be the fact that the mixing zone in a 1-layer coating more significantly contributes to the total hardness as its own hardness is lower due to the lower hardness of the substrate material. In the 1-layer coating, the mixing zone has a higher relative volume in comparison to the 2-layer coating.



After the wear tests, the average hardness values decreased slightly to 856 HV and 1054 HV, respectively. At the same time, numerous measurements at different points of the coating showed a significant scatter of values, which is most likely due to the presence of several structural components and the heterogeneity of their distribution. For example, areas with dendrites showed an average hardness of 481 HV, and fine-grained areas with a denser arrangement of TiC precipitates showed an average hardness of 1232 HV with separate points of hardness close to 1500 HV.



The most pronounced anisotropy of hardness was found in the 2-layer samples. The highest hardness values, more than 1000 HV, were observed close to the coating surface. It can be associated with the fact that when moving away from the substrate towards the surface, there is a transition from the mixing zone to the coating material itself. There can also take place a contribution of some TiC floating in the melt pool. As was mentioned above, TiC is the first to crystallize in the melt pool. As it has a lower density than other components in the composition used, it may have a tendency to float in the liquid metal. For example, such an effect was observed when ceramic particles were used for ATs in papers [27,28].



To compare the results with other wear-resistant coatings of similar compositions, the following data can be discussed. For example, in paper [21], in situ synthesis of TiC by L-DED was studied. In the melt pools, precursors in the form of Ti powder interacted with Ni particles coated with carbon that led to TiC formation in the Ni matrix. It was found that the sample with 50 wt.% of Ni had a hardness of about 1075 HV.



In paper [48], (Fe,Ni)-TiC composites produced by the DMLS method were studied. The study showed that reducing the TiC content from 80 wt.% down to 30 wt.% allowed for obtaining products with a more accurate geometry and absence of cracks, but with a lower hardness (380 HV), the specific wear rate at 30 wt.% TiC was 8 × 10−6 mm3/N·m.



In general, the hardness of coatings with similar TiC-Ni-Mo compositions produced by L-DED methods can vary in a rather wide range from 740 to 2200 HV [10,23]. It is determined by numerous factors such as the element ratio in the coating, as well as the size of the structural components. An increase in the Ni content reduces the brittleness of the coating, but at the same time, also reduces the hardness [10]. An increase in hardness is provided by structure refinement [21]. Thus, the resulting coatings have a rather high hardness that is not inferior to the published data on similar L-DED coatings, as well as on TiC-NiMo composites produced by conventional PM methods. The hardness of the latter varies from 1000 to 1500 HV [3,49].



For bulk materials, the dependence of the wear resistance on the hardness values is almost linear [44]. A high hardness determines the resistance of a material to normal stresses. However, the abrasive wear implies mainly tangent stresses. In this case, the stress resistance significantly depends on the material’s ductile properties. For composite materials, a rather important parameter is the size of the structural components. In abrasive wear, the main acting factor is an impact of separate abrasive particles at a high speed. If the size of the hard structural component in the ductile matrix and the intergranual regions are comparable to the size of the abrasive particles, then the composite material will behave heterogeneously [42]. In this case, the abrasive particles will lead to the fracture of the hard particles and to the plastic flow of the binder regions, resulting in a general low-wear resistance despite the high average hardness of the material. In the present study, SCs have a size of about 7 μm that is much less than the size of the abrasive particles used. In this case, the coating behaves as a solid homogeneous material with a high resistance to abrasive wear.



For TiC-Ni compositions, a drop in the volume loss is generally observed at hardness values of about 1300 HV [45]. The wear resistance of a material also depends on the material of abrasive particles used. If its hardness (Ha) is 1.2 or more times higher than that of the tested material (Hm), then the “hard” mechanism of wear will take place, causing high wear rates [45,46]. If the Ha/Hm ratio is less than 1.2, then the “soft” wear mechanism with much lower wear rates will be observed. In this work, quartz SiO2 abrasive particles were used. Commonly, their hardness is about 1150 HV, and Ha/Hm is 0.8–0.9 for the coating surface hardness of 1232–1500 HV in this work. It indicates the “soft” wear mechanism in this case. Thus, the TiC-NiMo coating produced by L-DED exhibits a good wear resistance and can be applied in abrasive environments with the abrasive particles’ hardness up to 1800 HV such as various aluminosilicates.



The results of wear tests depend not only on the hardness values, but also on the test methodology, which often makes it very difficult to compare experimental data with published ones. In addition, there is practically no published data on the wear resistance of L-DED coatings of the TiC-NiMo system. However, in this work, even after 4000 revolutions of the abrasive disk of the tribological testing machine, the studied 2-layer sample almost did not lose weight and showed a rather low wear rate. In combination with the preservation of the coating appearance without any visible formation of new defects and cleavage after testing, the obtained results suggest a high level of wear resistance of the coating obtained in this work, despite the presence of initial cracks and pores. Further optimization of the composition and technological parameters of L-DED at all steps can help to improve the performance of the wear-resistant TiC-NiMo coatings, which makes this method rather promising. One of the favorable directions is an application of new scanning strategies such as changing an angle between the layers and also double scanning by the laser beam aimed at eliminating hot cracks and to improve the surface quality.





4. Conclusions


This work shows the fundamental possibility of producing a wear-resistant composite TiC-NiMo coating on a Ti-6Al-4V substrate by L-DED technology, using TiC, Ni and Mo powders as the initial materials.



It was demonstrated that the combination of 3 h of mechanical alloying and subsequent spray-drying allowed for the fabrication of a spherical composite TiC-NiMo powder with a rather uniform distribution of the elements and with a size of 70 vol.% of the particles in the range of 45–75 µm. Such a powder was successfully used in the L-DED process.



TiC-NiMo coatings produced by L-DED are prone to cracking, but do not peel off from the substrate and possess a good adhesion.



The average hardness of the 1-layer and 2-layer TiC-NiMo coatings was 856 HV and 1054 HV, respectively. The hardness of a 2-layer coating increases in the direction from the substrate to the surface due to the presence of a mixing zone between the substrate material and the coating material, which especially affects coatings with fewer layers. Near the surface of the 2-layer coating, its hardness reached values up to 1500 HV, which are comparable to the similar compositions produced by conventional PM methods.



Due to the fine-grain structure with reinforcing TiC-rich and Mo-rich precipitates in the Ni-based binder, the composite TiC-NiMo coatings produced by L-DED showed a high wear resistance determined by the dimensional wear coefficient per unit sliding distance of 1.07 × 10−5 mm3/(Nm) that is lower than that of traditionally manufactured TiC-based cermets and comparable to that of WC-based hard alloys.



It was shown that due to the high hardness, low wear rates and high adhesion, the TiC-NiMo composite coating produced by L-DED is promising for its application in high-wear environments to improve the durability of critical parts such as oil production equipment elements that work in the hardest abrasive wear conditions.



Additional optimization of the composition and technological parameters of L-DED at all steps can help to further improve the performance of the wear-resistant TiC-NiMo coatings. One of the most promising directions is to apply different scanning strategies such as rotating the successive layers by angles of 60–90° to lower thermal stresses or to apply double scanning to cure the pores formed and to improve the surface quality.
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Figure 1. Microphotographs of initial powders of (a) TiC, (b) Ni, (c) Mo. Images were obtained using scanning electron microscope with a secondary electron detector. 
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Figure 2. Schematic of cross-sections of 1-layer and 2-layer coatings in the L-DED process. 
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Figure 3. Diagram of the testing setup for wear determination. 
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Figure 4. SEM images of TiC + Ni + Mo powder mixture after MA by mode 200/−400 3 h. The (left) image was obtained using SE detector, the (right) image was obtained using BSE detector. 
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Figure 5. BSE-image and element distribution maps of TiC-NiMo powder after MA. Meaning of the colors: green—Ti; blue—Ni; purple—Mo; rose—W; yellow—Fe. 
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Figure 6. Morphology of TiC-NiMo composite particles after spray-drying. The images were obtained using SE detector at the magnifications of ×500 (the (left) image) and ×5000 (the (right) image). 
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Figure 7. BSE-image and element distribution maps of TiC-NiMo composite powder after spray-drying. Meaning of the colors: green—Ti; blue—Ni; purple—Mo; rose—W; yellow—Fe. 
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Figure 8. Surface of TiC-NiMo composite: (a) 1-layer and (b) 2-layer samples produced by L-DED. 
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Figure 9. SEM images of the structure of the 1-layer TiC-NiMo composite coating produced by L-DED on a Ti-6Al-4V substrate. The image was obtained using BSE detector. 






Figure 9. SEM images of the structure of the 1-layer TiC-NiMo composite coating produced by L-DED on a Ti-6Al-4V substrate. The image was obtained using BSE detector.



[image: Metals 13 01925 g009]







[image: Metals 13 01925 g010] 





Figure 10. SEM images of the structure of the 2-layer TiC-NiMo composite coating produced by L-DED on a Ti-6Al-4V substrate. The images were obtained using BSE detector. Regions 1–8 are the zones for EDS analysis. Region (a) was observed at the magnification of ×3000 and region (b) was observed at the magnification of ×5000. 
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Figure 11. Appearance of TiC-NiMo samples after abrasion wear tests: (a) 1-layer sample after 2000 revolutions; (b) 2-layer sample after 2000 revolutions; (c) 2-layer sample after 4000 revolutions. 
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Table 1. L-DED mode.
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	Parameter
	Value





	Overlap, %
	30



	Power, kW
	2.2



	Velocity, mm/s
	25



	Flow rate, g/min
	39










 





Table 2. Average element content in structural components in the TiC-NiMo coating produced by L-DED method on a Ti-6Al-4V substrate.
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Structural Components

	
C

	
Al

	
Ti

	
V

	
Fe

	
Ni

	
Mo

	
W




	
Weight %






	
1

	
14.6

	
0.1

	
81.9

	
0.4

	
-

	
0.4

	
1.1

	
0.4




	
2

	
4.7

	
4.8

	
64.8

	
2.4

	
0.3

	
9.2

	
12.1

	
1.9




	
3

	
5.2

	
3.8

	
62.3

	
1.0

	
0.5

	
25.1

	
1.9

	
0.2











 





Table 3. Chemical composition of the 2-layer L-DED TiC-NiMo composite coating across its thickness.
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Region

	
Al

	
Ti

	
V

	
Fe

	
Ni

	
Mo

	
W




	
Weight %






	
1

	
5.22

	
92.7

	
1.94

	
0.11

	
0.02

	
0

	
0




	
2

	
2.23

	
83.92

	
0.97

	
0.16

	
7.81

	
3.5

	
1.23




	
3

	
2.75

	
86.50

	
1.09

	
0.13

	
6.06

	
2.33

	
1.05




	
4

	
2.33

	
87.25

	
0.99

	
0.07

	
6.05

	
2.39

	
0.81




	
5

	
1.73

	
84.49

	
0.99

	
0.17

	
7.99

	
3.57

	
0.96




	
6

	
1.26

	
80.5

	
0.85

	
0.22

	
9.79

	
5.